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1
1.1

General introduction
Atherosclerosis

Atherosclerosis is a pathological process affecting the large and medium sized arteries,
which leads to a variety of vascular disorders, including coronary artery disease,
cerobrovascular disease, and diseases of the aorta and the peripheral arterial circulation.
Atherosclerotic diseases are the cause of one out of three deaths in the Western
societies1.
The fundamental pathology of an atherosclerotic lesion is the focal accumulation of
lipid material originating from low-density lipoproteins (LDL particles) in the intimal
layer (or inner layer) of the arterial wall. This initiates a local inflammatory process, and
inflammatory cells, mainly macrophages and T-lymphocytes, enter the vascular wall. To
eliminate the excess lipid in the vessel wall the macrophages engulf the LDL particles and
become foam cells. Vascular lesions consisting of a core of extracellular lipid particles,
macrophages and foam cells are called atheromas2, 3, 4. Although the initial inflammatory
response is protective in nature, chronic inflammation becomes the central component
of the atherosclerotic process, playing an important role in the progression of the disease,
as it may lead to tissue damage5.
In general, the pathological process starts in childhood and progresses silently until clinical
symptoms appear later in life. Atheromas are already present from early adulthood, but
they narrow the arterial lumen only minimally. The atheromas progress slowly, probably
with episodes, to larger and more complex lesions, which can also consist of necrotic
areas and large calcifications6. Rupture of such an atherosclerotic lesion causes acute
thrombosis in the artery lumen, which is the most severe event in the atherosclerosic
process. If this occurs in one of the coronary arteries an immediate myocardial infarction
or heart attack follows due to impaired coronary perfusion and, hence, lack of oxygen
for cardiomyocyte energy conversion7.

1.2

Atherosclerotic calcification

Large calcified deposits of the intimal lesions are a prominent feature of advanced
atherosclerotic lesions, compromising vessel wall elasticity8. In advanced lesions the
mineral deposits are in the form of lumps and plates, measuring hundreds of micrometers,
mostly within a core of extracellular lipid. The degree of these calcifications (size and
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quantity) in the coronary artery walls correlates highly with the severity of coronary
plaque burden. It is, however, still a matter of debate whether the extent of calcification
could be associated with increased cardiovascular risk7, 9. In lesions preceding atheromas
calcifications are rarely observed with optical microscopy. At present it is thought that
the initial calcium deposits start to appear when an atheroma has formed as observed
with optical microscopy10. It should therefore be emphasized that calcified plaques are
often reported to be present in advanced atherosclerotic lesions and only occasionally
observed in preceding lesions, predominantly due to technical limitations such as lack
of sufficient sensitivity.
The precise identity of the nidi for calcium precipitation is not yet fully determined.
Calcifications have been observed near extracellular lipids11, 12, but also osteoblastlike cells have been identified in atherosclerotic lesions13, 14. Additionally, it can not be
excluded that blood-borne calcium-rich particles contribute to the vascular calcification
process15. In the past it was believed that atherosclerotic calcification occurred passively
as a consequence of the precipitation of calcium and phosphate in the cytoplasm of
dying cells16. However, evidence is now accumulating that atherosclerotic calcification is
an actively regulated process involving, among others, bone matrix regulatory proteins,
both activators and inhibitors17-20.
Chemical bulk analysis of the mineral part of human aortas, with advanced atherosclerotic
lesions, showed that the average weight ratio of calcium to phosphorus is close to the
ratio of hydroxyapatite, i.e. 2.16, which is the main constituent of bone tissue21. Though,
others found lower ratios of calcium to phosphorus in atherosclerotic plaques22, 23. Also
traces of iron and zinc were occasionally observed in these bulk analyses. In a pioneering
study of by Pallon et al.24 co-localization of iron and zinc with calcium granules of 10
to 20 mm in diameter was observed in early atherosclerotic lesions in human coronary
arteries. These observations incited our interest in the pathological significance of calcium
precipitations in the early phase of atherosclerosis and the role of trace-elements, such as
iron and zinc, therein and served as starting point of the study described in this thesis,
utilizing a very sensitive and position dependent nuclear analysis method, the proton
microprobe.
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1.3

Objectives of the thesis

The work presented in this thesis is twofold, namely one part focuses on the proton
microprobe and the other part on the atherosclerotic calcifications.
1. Proton microprobe
Micro-Proton Induced X-ray Emission (micro-PIXE) in combination with microBackscattering and Forward Scattering Spectroscopy (micro-BS and FS) are used to
analyze elements, usually in thin samples, with high sensitivity, specificity and spatial
resolution25‑27. With this technique pixel wise element concentration maps can be created
to visualize the distribution of elements. The technique is very sensitive (ug/g) which
makes it possible to obtain element concentration maps of trace-elements like iron and
zinc. These techniques are perfectly suited to study the presence or absence of traceelements and other elements like calcium and phosphorus at the onset of atherosclerosis
in artery wall tissue cryosections.
Specific objectives of this part of the study are:
- Setting in operation of the acquired accelerator (SingletronTM, High Voltage Engineering
Europe B.V., Amersfoort, the Netherlands) in combination of a proton microprobe
setup.
- Miniaturizing the proton-beam to submicrometer dimensions while remaining a
low detection limit, as the size of the calcifications is expected to be in the range of
micrometers or even smaller.
- Installing a new ultralow-energy germanium detector with a large surface area resulting
in a large solid angle, which is especially useful for the detection of trace-elements.
- A new data acquisition hardware and software system needs to be introduced to
automate the data acquisition and optimized for the study of atherosclerosis.
- Write new software for monitoring the experiment and to analyze the acquired data after
the experiment in a fast and automated way. The results should be directly interpretable.
All the software involved during the experiments should be able to handle high counting
rates and large datasets.
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2. Atherosclerotic calcifications
Most studies on atherosclerotic calcifications deal with advanced intimal lesions and most
chemical analysis were performed on larger, solid crystals. Data about the distribution
and composition of calcifications at a very early stage of the atherosclerotic process are
scarce, as is information whether trace-elements are involved in the calcification process.
Detailed information about the start of (micro-)calcifications in the affected artery wall
could shed a light on the potential role of calcium deposition in the progression of the
atherosclerotic process.
Human coronary arteries are analyzed at various stages of atherosclerosis. In a subset of
experiments samples of a murine carotid artery, subjected to different degrees of shear
stress, were analyzed as well.
Specific objectives of this part of the study are:
- Investigation of the presence of micrometer-size calcifications in the human coronary
artery with the proton microprobe especially in the early phases of the atherosclerotic
process.
- Quantification of the calcium to phosphorus ratio to assess the chemical nature of the
micrometer-size calcium granules.
- Assessment of the iron and zinc co-localisation at the site of micro-calcifications.
- Exploration of the active regulation of the calcifications at the early atherosclerotic
lesions by measuring the expression of proteins involved in bone formation.
- Investigation of micrometer-size calcifications in specific regions of a carotid artery
wall, subjected to high or low shear stress, of an ApoE‑/‑ mouse.

1.4

Outline of the thesis

In chapter 2 an overview is presented of the disease process of atherosclerosis and the
accompanying calcification process. The general background of the applied techniques,
experimental setup, data acquisition and data analyses is given in chapter 3. The
analytical details of the measurement of calcium phosphate deposition in human
coronary arteries using the proton microbeam technique are presented in chapter 4.
Micro-calcifications in view of the stage of the atherosclerosis process are subject of
investigation in chapter 5. Moreover, in this chapter the chemical composition of the
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calcium phosphate depositions and co-localization with trace-elements such as iron and
zinc are described, as well as bone-regulatory proteins involved in the atherosclerotic
calcification process. In chapter 6, information about calcification in murine carotid
arteries subjected to different degrees of shear stress is presented. Chapter 7 provides the
general discussion.
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This chapter is a literature overview of atherosclerosis and the consequent calcification
process. Atherosclerosis is a progressive inflammatory vascular disease mainly affecting
the large and medium-sized arteries. The fundamental mechanism of this pathological
process is the gradual build-up of cholesterol in the artery wall, predominantly in curved
arteries and near side branches, during several decades of life. A chronic inflammatory
process ensues, leading to tissue damage in the vascular wall due to the excessive nature
of the inflammatory response. The resulting lesion composed of extracellular lipid
deposition, inflammatory cells and smooth muscle cells is called an atheroma. The
atheroma may eventually impair blood flow, predispose the vessel to thrombosis after
rupture of the vulnerable plaque, and decrease the vessel’s ability to respond elastically
and via muscle contraction to hydrodynamic stresses. After a long period of clinical
silence it can result into the partial or total occlusion of the affected artery, mostly after
a thrombotic event1‑5.
The pathological outcome manifests itself by impaired blood circulation in the coronary
arteries of the heart (coronary heart disease), arteries in the brain (ischemic stroke)
or arteries in the legs (claudicatio intermittent). Cardiac ischemia occurs when blood
flow to the heart muscle (myocardium) is obstructed. In case of partial occlusion of a
coronary artery it results in angina pectoris. A complete blockage leads to a heart attack
(myocardial infarction).
These disorders are responsible for more deaths than any other disease in the Western
hemisphere. A number of risk factors related to the incidence of atherosclerosis have
been identified, such as hypertension, increased LDL cholesterol, cigarette smoking,
diabetes and familial history.
Calcification of atherosclerotic lesions has been recognized as a feature of advanced
human atherosclerotic lesions6. Though, there are indications that calcifications appear
earlier in the disease process7, 8 and, hence, could play an active role in the progression
of the atherosclerotic process.
The first part of this chapter focuses on the epidemiology of atherosclerosis. As it is
the main cause of death in the Western countries values are given about its prevalence
and mortality rate. The overall process of atherosclerosis is described from the normal
12
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artery to lesion formation and progression. The second part provides a state-of-the-art
overview of (micro-)calcifications in the earlier stages of atherosclerosis.

2.1

Atherosclerosis

2.1.1 Epidemiology
2.1.1.1

Prevalence and incidence

In the Western hemisphere cardiovascular diseases are still the main leading cause of
death today. The mortality rate of cardiovascular disease is 1 out of 3 deaths. In this
group about half deaths are caused by coronary heart disease9.
The average age of a person having a first heart attack is 65 years for men and 70 years
for women in the USA. The lifetime risk of developing coronary heart disease after the
age of 40 years is 49 % in men and 32 % for women. The prevalence of coronary heart
disease increases with age groups. The incidence of coronary heart disease in women
lags behind men by 10 years for total coronary heart disease and by 20 years for more
serious clinical events such as myocardial infarction. Only 20 % of coronary attacks are
preceded by longstanding angina. About 40 % of the people who experience a coronary
attack in a given year will die from it. Within 6 years after a diagnosed heart attack 18 %
of men and 35 % of women will have a subsequent heart attack and 7 % of men and
6 % of women will experience sudden death9.
It is of note that death rates attributed to coronary heart disease steadily declined
by approximately 30 % between 1990 and 2001. This is likely due to the improved
treatment of patients with acute myocardial infarction and unstable angina pectoris10
(explained in section 2.1.3.7). Between 1999 and 2005 the death rate of people admitted
in the hospital for myocardial infarction dropped by nearly 50 %, most likely due to
better treatment with, for instance, b-blockers, statins, angiotensin-converting enzyme
inhibitors, heparin, thrombolytics and percutaneous coronary interventions11. Thus,
major advances have been made in the treatment strategies, but not in the prevention of
the disease. This is important as it is a chronic disease, which starts early in human life.
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2.1.1.2

Atherosclerosis starts at early age

In general, atherosclerosis of the coronary arteries already starts in early childhood and
progresses silently with age until clinical symptoms become manifest late in the disease,
mostly from the fifth decade of life. Atheromas begin to develop in the second decade of
life and may narrow the arterial lumen only minimally.
Earlier studies on coronary arteries from American soldiers killed in action in Korea
(1950 to 1953) showed that 77 % of the men in this age group (22.1 years) have some
degree of atherosclerosis, varying from fibrous thickening to large atheromatous lesions
causing complete occlusion of major vessels as observed with optical microscopy12‑14. Postmortem coronary angiography and dissection of hearts from American soldiers killed in
Vietnam (1971) demonstrated that 45 % of young men (22.1 years, ranging from 18 to
37 years) exhibited some degree of atherosclerosis and 5 % have gross evidence of severe
coronary atherosclerosis15. The early onset of atherosclerosis in Korean war casualties
was reinvestigated by Virmani et al.16 in the eighties using computerized planimetry.
The mean age of their studied persons was 20.5 (ranging from 18 to 37 years). The
study showed that 6 % had severe atherosclerosis (75 % to 90 % luminal narrowing).
Interestingly, coronary arteries with calcified plaques were already seen in a 20 year
old male. A comparable, more recent study was performed by Joseph et al.17 on noncardiac trauma victims (26 ± 6 years). Signs of atherosclerosis were present in 78 % of
the study group. Severe atherosclerosis was observed in 9 % of the study group. Using an
intravascular ultrasound technique on heart transplant recipients18 demonstrated that
17 % of the study group younger than 20 years old showed signs of atherosclerosis of the
coronary arteries. The first indication of lipid deposition in the vascular wall has even
been found in human foetal aortas19. The collective findings indicate that atherosclerosis
starts in young individuals with no overt clinical evidence of coronary artery disease.

2.1.2 Histology of the artery wall
An artery wall is composed of three histological distinct layers, namely tunica intima,
tunica media and tunica adventitia (figure 2.1). These layers are separated by the
lamina elastica interna and lamina elastica externa, respectively (named internal elastic
membrane and external elastic membrane in figure 2.1).
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The intima, being the innermost layer, is by definition located from the luminal surface
endothelium to the lamina elastica interna. It consists of connective tissue, smooth
muscle cells and a few isolated macrophages. This innermost layer is thin at birth and
often depicted as a monolayer of endothelial cells abutting directly on a basal lamina.
The endothelium with its intercellular tight junctional complexes forms the inner
lining of a blood vessel and provides an anticoagulant barrier between the vessel wall
and blood. The vascular endothelium has versatile and multifunctional properties. For
instance, it functions as a selectively permeable barrier between blood and the rest of
the vessel wall, and is involved in modulation of vascular tone and, hence, blood flow,
and in regulation of immune and inflammatory responses by controlling phagocyte
and lymphocyte interactions with the vessel wall, platelet adherence, and thrombosis
and thrombolysis20. The arterial intima can mostly be subdivided into two layers. The
inner or luminal layer consists of abundant proteoglycans, spaced single smooth muscle
cells and macrophages. The outer or abluminal, musculo-elastic, layer is composed of
abundant smooth muscle cells and elastic fibres. The lamina elastica interna mainly
consists of longitudinally orientated elastic fibres.
The media is composed of circumferentially orientated smooth muscle cells, elastin,
collagen fibrils and proteoglycans. The lamina elastica externa separates the tunica
media from the adventitia. The adventitia, the outer layer of the artery wall, is mainly
composed of connective tissue. It contains longitudinally orientated collagen and a
small number of smooth muscle cells, also longitudinally orientated. The adventitia

Figure 2.1. Schematic histological representation of a healthy artery wall21.
15
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merges with the surrounding connective tissue without a sharp transition zone. In larger
arteries vasa vasorum, originating from the surrounding connective tissue, bifurcate in
the adventitia and outer layer of the media. These small arteries supply blood to those
parts of the artery wall, which cannot obtain nutrients and oxygen by simple diffusion
from blood in the vascular lumen. Larger arteries also contain vasa lymphatica vasorum
in the adventitia. Occasionally, fat cells are present as well.

2.1.3 Pathogenesis of atherosclerosis
Atherosclerotic lesions are characterized by the accumulation of lipid and connective
tissue in the intima of the artery wall, invasion of macrophages, and proliferation of
smooth muscle cells. This may eventually obstruct blood flow through the lumen,
predispose the vessel to thrombosis due to rupture of instable plaques and impair
the vessel’s ability to respond elastically and via muscle contraction to hydrodymanic
stresses1‑5.
Most often at branching sites of arteries, regions with low shear stresses, there is a gradual
increase in the deposition of lipid material, originating from low density lipoproteins
(LDL), in the vascular wall. Wall shear stress is defined as the tractive force per unit
area applied by the blood on the endothelium. Oxidation of these LDL particles is a
trigger for the onset of an inflammatory response in the arteries, attracting leukocytes.
Monocytes, recruited from the blood, migrate into the artery wall, after which they
transform into macrophages. They will engorge oxidized LDL particles, as a response to
this injurious agent, and subsequently will get the appearance of foam cells. Oxidized
LDL has been found to possess cytotoxic properties. As a consequence, oxidized LDL
induces apoptosis of the foam cells. As a result, fat particles are deposited extracellularly
and a necrotic core is formed inside the lesion. Additionally, T-lymphocytes are attracted,
modulating the inflammatory response. Smooth muscle cells migrate from the media
into the intima, where they proliferate and produce fibrous elements. They form a
fibrous cap on top of the extracellular lipid deposition. The lesion continues to grow by
the migration of new lymphocytes from the blood, which enter at the shoulder of the
vessel. This is accompanied by enhanced smooth muscle cell proliferation, extracellular
matrix production and the accumulation of extracellular lipid. Vulnerable lesions are
characterized by a thin fibrous cap, resulting from degradation of matrix. Rupturing of a
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lesion will promote locally blood clotting. This in turn may occlude the lumen partially
or completely1‑6, 22‑25.

2.1.3.1

Lesion-prone sites

The process of atherosclerosis mainly manifests itself in the intimal layer at distinct parts
of the artery tree. These are often associated with branch points and it is thought that
areas with low or oscillating shear stress are most susceptible26, 27.
The human artery has regions in which the intima is thicker than elsewhere. The thick
regions are present from infancy. They are self-limited in growth and do not obstruct the
blood flow. They represent normal physiological adaptations of the artery wall to local
changes in blood flow or wall tension. The intima thickens in response to reduced wall
shear stress, decreasing lumen diameter to elevate flow velocity and thus restoring wall
shear stress to baseline values. In segments of adaptive thickening two layers are clearly
visible. The inner layer is called the proteoglycan layer. It contains widely spaced smooth
muscle cells, including rough endoplasmic-rich (protein synthesis) and myofilamentrich (contractile proteins) phenotypes. Near the lumen isolated macrophages are
occasionally present. The musculo-elastic layer contains myofilament-rich smooth
muscle cells arranged in close layers, elastic fibres and increased concentrations of
collagen. The intimal thickening process does not necessarily go hand in hand with lipid
accumulation and may occur in individuals without substantial burdens of atheroma,
but under influence of atherogenic stimuli (e.g. hypertension, smoking, hyperlipidemia,
and diabetes mellitus) lesions are found to be formed earlier and more rapidly than
elsewhere28.

2.1.3.2

LDL accumulation and modification

One of the first morphological alterations in experimental animals, fed with an
atherogenic diet rich in cholesterol and saturated fat, is the accumulation of small
lipoprotein particles in the intima29, 30. The accumulation is enhanced when the levels of
circulating LDL are raised. Both the transport and retention of LDL are increased in the
lesion prone sites for lesion formation19, 31, 32. The increased LDL transport from blood
into the intima is accomplished by enhanced uptake by the endothelium rather than
the loss of the endothelial barrier33. LDL retention in the vessel wall seems to involve
17
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interactions between the LDL constituent apolipoprotein B and matrix proteoglycans34, 35.
In addition to LDL, other apoB-containing lipoproteins, namely lipoprotein(a), can
accumulate in the intima and promote atherosclerosis36. These lipoprotein particles
appear to decorate the proteoglycan of the arterial intima and tend to coalesce into
aggregates35. A prolonged residence time characterizes sites of early lesion formation
in rabbits37, 38. The binding of lipoproteins to proteoglycan in the intima captures and
retains these particles, accounting for their prolonged residence time. Lipoprotein
particles bound to proteoglycan exhibit increased susceptibility to oxidative or other
chemical modifications35.
In many atherosclerotic lesions oxidized LDL particles have been observed. The process
of lipid peroxidation involves lipoxygenases, super-oxide anions, hydroxyl radicals,
peroxinitrites, haem proteins, ceruloplasmins, transition metals and myeloperoxidase39‑41.
Minimally modified LDL can still be recognized by the LDL receptor. In extensive
modifications, the apolipoprotein B is fragmented. Such particles are no longer
recognized by the LDL receptor, but are metabolized by scavenger receptors. Oxidized
LDL is also more susceptible to aggregation. Additional modification can be caused by
phospholipases, proteoglycans and platelet secretion products42. Oxidized LDL binds
readily to types I, V, III, and IV collagens in decreasing order43.
The fact that in very early lesions LDL and oxidized LDL are frequently found in the
absence of monocyte/macrophages, whereas the opposite is rare, suggests that intimal
LDL accumulation and oxidation contributes to monocyte recruitment19 and thus drive
the initial formation of fatty streaks. Oxidized LDL induces the expression of chemotactic
molecules, such as monocyte chemoattractant protein‑1, by the endothelial cells and
also the release of adhesion molecules, such as vascular cell adhesion molecule‑1. These
proteins are thought to play a pivotal role in the atherosclerotic process by interaction
with leukocytes44, 45.

2.1.3.3

Leukocyte recruitment

The second pathogenic event in the initiation of atheroma is leukocyte recruitment
and accumulation, which is mediated by adhesion molecules and chemotactic
factors. The normal endothelium resists adhesive interactions with leukocytes. Eselectin (endothelial cell specific selectin) is almost absent in resting endothelium,
but is transcriptionally induced by inflammatory cytokines. The NF‑kB transcription
18
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factor seems crucial in the activation of this gene. P‑selectin is mainly expressed on
platelets and to a lesser extent on endothelial cells. In resting cells P‑selectin is stored
in Weibel‑Palade bodies, being organelles in the endothelial cell, and is recruited to the
cell surface after activation. In response to inflammatory stimuli, E‑ and P‑selectins are
expressed on the luminal side of the endothelial membrane. These selectins interact
with their cognate ligands by creating weak bonds and are involved in the rolling and
tethering of leukocytes on the vascular wall. Firm adhesion of leukocytes (leukocyte
arrest) is induced by the expression of intercellular adhesion molecules (ICAMs) and
vascular cell adhesion molecules (VCAM‑1) on the endothelial surface46. ICAM‑1, ‑2
and ‑3 bind firmly to aLb2 integrin (LFA‑1 (leukocyte function-associated antigen))
on the lymphocyte, and ICAM‑1 and ‑2 also bind to aMb2 (Mac‑1)47. VCAM‑1 is an
important endothelial membrane ligand for VLA‑4 (very late activation molecules) on
lymphocytes. VLA‑4 appears later than LFA‑1 during the course of T cell activation
and is characteristically expressed by only those classes of leukocytes that accumulate
in nascent atheroma, i.e. monocytes and T cells48. Platelet endothelial cellular adhesion
molecules (PECAM‑1), which are constitutively expressed on resting endothelial cells,
are involved in extravasation (transmigration) of leukocytes from the blood compartment
into the vessel and underlying tissue46.
Once adhered to the endothelium, leukocytes receive a signal to penetrate the
endothelium and to enter the intima. This process involves the action of protein
molecules known as chemo-attractant cytokines (also called chemokines). Monocyte
chemo-attractant protein‑1(MCP‑1) selectively promotes the directed migration of
monocytes into the intima. It is produced by the endothelial cells in response to oxidized
lipoprotein and other stimuli. Inflammatory mediators can also enhance the production
of MCP‑1 both by endothelial and smooth muscle cells. In addition, CXC chemokines,
expressed by endothelial cells, smooth muscle cells, and macrophages, play a role in the
recruitment and retention of activated T lymphocytes. Atheromas express a trio of CXC
chemokines (interferon-inducible protein 10 [IP‑10], interferon-inducible T-cell alpha
chemoattractant [I‑TAC], monokine induced by interferon‑g [MIG]), which selectively
attract T and B‑lymphocytes, bearing the CXC R3 receptor. Interferon‑g, a cytokine
known to be present in atheromatous plaques, induces the expression of genes encoding
this family of T-cell chemo-attractants49.
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2.1.3.4

Intracellular lipid accumulation: foam cell formation

Inside the intima, the monocytes differentiate into macrophages (innate immunity),
where they avidly scavenge modified LDL to become foam cells. Minimally modified
LDL can still be recognized by LDL receptors50. The LDL receptor, however, does
not mediate foam cell formation as the LDL receptors are down-regulated to prevent
excessive intracellular lipid accumulation. Extensively oxidized LDL particles, in which
the apo‑B component is fragmented, are not bound by the LDL receptor, but instead
to a variety of scavenger receptors, which mediate the excessive uptake and foam cell
formation. These receptors bind modified rather than native lipoproteins51. In contrast
to the normal LDL receptors, scavenger receptors are not down‑regulated in response to
an increase in cellular cholesterol content. The scavenger receptors are not only expressed
on macrophages, but also on smooth muscle cells52.
The scavenger receptors include scavenger receptor A‑1, CD36, MARCO, SR-PSOX
and CD68 (also known as macrosialin). They recognize structural motifs shared by
a wide variety of microbial macromolecules, as well as apoptotic cells and modified
lipoproteins53. Oxidized LDL particles are taken up by macrophages in this way. In case
cholesterol derived from the internalized oxidized LDL particles cannot be mobilized
from the cell to a sufficient extent, the excess cholesterol accumulates as cytoplasmic
droplets. The macrophage is then transformed into a foam cell. Uptake of oxidized LDL
through scavenger receptor-A leads, in turn, to the presentation of modified LDL to
specific T-lymphocytes3.
The accumulation of monocytes in atherosclerotic lesions is progressive and proportional
to extent of disease54. Inside the intima, macrophages proliferate and become activated by
monocyte chemo-attractant protein‑1 (MCP‑1)55 and macrophage-colony stimulating
factor (M-CSF)56. Other macrophage mitogens or co-mitogens include interleukin‑3
and granulocyte-macrophage colony-stimulating factor3.

2.1.3.5

Intimal smooth muscle cells

Whereas the early event in the development of atheroma involves primarily altered
endothelial function and accumulation of leukocytes, the transition from fatty streak to
a more complex lesion is characterized by the migration of smooth muscle cells from the
medial layer of the artery wall into the intimal layer joining a small number of smooth
muscle cells, residing in the intima. Here the newly arrived cells proliferate and take up
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oxidized lipoproteins. At the luminal side of the lesion smooth muscle cells synthesize
extracellular matrix proteins, promoting the development of a fibrous cap. Activated
macrophages secrete platelet-derived growth factor (PDGF), which is a potent smooth
muscle cell chemo-attractant, the expression of which was found to be enhanced in
the atherosclerotic lesion57. Growth factors such as FGF‑2 (Fibroblast growth factor)
and PDGF produced by macrophages and heparin-binding growth factors released by
T‑lymphocytes can also promote the proliferation of smooth muscle cells58.
In the atherosclerotic intima the smooth muscle cells exhibit a less mature phenotype
than the quiescent smooth muscle cells in the healthy media. Instead of expressing
primarily isoforms of smooth muscle myosin characteristic of adult smooth muscle
cells, those in the intima have higher levels of the embryonic isoform of smooth
muscle myosin59. The intimal smooth muscle cells in the atheroma appear to possess
morphologically distinct features as well. They contain higher amounts of endoplasmic
reticulum and less contractile fibers than normal medial smooth muscle cells. Smooth
muscle cells lying between foam cells can contain lipid droplets in their cytoplasm.
This phenotype is controlled by cytokines. In smooth muscle cells a‑actin expression is
stimulated by TGF‑b, but inhibited by IFN‑g. TGF‑b strongly promotes the synthesis
of interstitial collagens (types I and III) by smooth muscle cells, whereas IFN‑g inhibits
their synthesis of collagen as well as a‑actin58. The smooth muscle cells are largely
responsible for producing extracellular matrix molecules, e.g. glycosaminoglycans,
proteoglycans, collagen, elastin, fibronectin, laminin, vitronectin, and thrombospondin.
Though, smooth muscle cells and macrophages also secrete matrix metalloproteinases
(MMPs) that degrade collagen and elastin60. In atherosclerosis collagen production
and degradation are both increased61. An imbalance to more degradation will lead to
weakening of the fibrous cap, which may contribute to rupture of the lesion and, hence,
promote blood clot formation.
In addition to smooth muscle cell proliferation, programmed death of these cells may
also occur in the atherosclerotic lesion. Apoptosis can be induced by cytokines such
as IFN‑g, TNF‑a and IL‑1‑b62. Also T-lymphocytes can produce fas ligand on their
surface, which in turn can result in smooth muscle cell death63. Thus, the increased
number of smooth muscle in atherosclerotic lesions was found to be a balance between
cell proliferation and cell death.
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2.1.3.6

Immunologic responses

Complex lesions also contain numerous T‑lymphocytes. Lesion development is then
influenced by cross talk between T‑lymphocytes, macrophages and smooth muscle
cells. Once early lesions develop, immune responses modulate its progression64. These
immuno responses could exert both atherogenic and anti‑atherogenic effects.
The infiltrating cells are predominantly helper T‑lymphocytes, which recognize protein
antigens presented to them as fragments bound to the major-histocompatibility-comples
(MHC) class II molecules. In addition to helper T cells, atherosclerotic plaques contain
moderate numbers of cytolytic T cells. In early lesions natural killer T‑lymphocytes can
be present, which recognize lipid antigens.
T‑lymphocytes in atherosclerotic lesion express both Th1 and Th2 cytokines, though it is
predominantly a Th1‑type response. In the lesions they secrete the cytokines interferon‑g
(IFN‑g), IL‑2, TNF‑a and ‑b. In addition, they produce the Th1-stimulatory cytokines,
IL‑12 and IL‑18. Human atheromas contain only modest quantities of Th2 cytokines
such as IL‑4, IL‑5 and IL‑10. A balance between the Th1 and Th2 response might be
determined by IL‑10 (inhibits Th1 pathway) and IL‑12 (inhibits Th2 responses)3.
Interferon‑g reduces scavenger receptor expression on macrophages, decreases collagen
synthesis and inhibits smooth muscle cell proliferation, being anti-atherogenic effects.
It also stimulates production of pro-inflammatory cytokines by macrophages and
increases the expression of MHC class II molecules. Together these effects would predict
the increased accumulation of macrophages in the lesions and enhancement of their
ability to present antigen to T‑lymphocytes23. T‑lymphocytes of the Th1 subset activate
macrophages by CD40 ligand (CD154) ‑ CD40 interactions and by secreting the
macrophage-activating cytokine IFN‑g. Interaction of the CD40 ligand with CD40
promotes expression of a diverse set of atherogenic molecules by macrophages, smooth
muscle cells and endothelial cells, including cytokines, matrix metalloproteinases, and
adhesion molecules65. IL‑4 has antagonistic effects on interferon-g activity in macrophages
and inhibits the Th1 responses. Moreover, IL‑4 induces 12/15-lipoxygenase expression,
which promotes LDL oxidation23.
Once an atherosclerotic lesion is formed immune-reactions will modulate the disease
process. The immune system, normally a protective, does not abrogate the disease
process, but modulates the progression of the atherosclerotic lesion.
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2.1.3.7

Lesion progression

Vascular fatty streaks, containing isolated foam cells, are already present from childhood.
These lesions progress through the increase and coalescence of smaller extracellular
lipid pools after which an extracellular lipid core is formed. Such a lesion type is called
atheroma. This clinically more important lesion type contains a well-delineated lipid core
in the deep intima. Its basic features are densely packed foam cell remnants (result of
necrosis), extracellular lipid, cholesterol crystals and occasionally calcium-rich particles.
A fibrous cap overlaying the lipid core is formed and has a composition like that of
normal intima. The thickness of the cap varies and is dependant on the location in the
vascular tree. At this stage the vascular lumen is often only slightly reduced due to a
more outward growth of the vascular wall. In case of high circulating levels of blood
lipids, a large amount of lipid accumulates in the intima. The cap might evolve then into
a fibromuscular cap, having a greater proportion of rough endoplasmic reticulum-rich
smooth muscle cells and collagen fibers. These new layers expand inward, substantially
narrowing the vascular lumen66.
Eventually the lesion causes stenosis of the artery lumen to a degree that impedes
blood flow through the artery. In the coronary artery such obstructive lesions may
cause symptoms during increased blood demand, for instance, during physical exercise
(angina pectoris). During this chronic asymptomatic phase, growth probably occurs
discontinuously, with periods of relative quiescence interrupted by episodes of rapid
progression67.
Physical disruption of an atherosclerotic lesion causes acute thrombosis, which is the most
severe form of atherosclerosis causing unstable angina pectoris or myocardial infarction.
A blood clot is formed inside the lumen superimposed on the lesion. In unstable angina
pectoris the blood clot does not necessarily completely occlude the artery lumen, but
increases the degree of blockage. The thrombogenic event can suddenly arise, even at
rest. During myocardial infarction the lumen is blocked to such a high degree that it
causes death of myocardial cells in the blood- and, hence, oxygen-deprived region.
Depending on the type of lesion the physical disruption can lead to superficial
erosion or rupture of the lesion. Superficial erosion could be caused by apoptosis of
endothelial cells and matrix metalloproteinases degrading the nonfibrillar collagen in the
basement membrane of the endothelium, exposing the underlying extracellular matrix.
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Inflammatory cytokines can induce apoptosis of smooth muscle cells leading to an
imbalance between the synthesis of extracellular matrix molecules and their catabolism
by matrix metalloproteinases produced by macrophages. Ruptures are favoured by a
large pool of extracellular lipid in association with a vulnerable cap, especially in shoulder
regions of plaques5, 68, 69. In about 70 % of the reported cases ruptured plaques are the
cause of myocardial infarctions and the rest of the cases is caused by non-ruptured
plaques (erosion or underlying calcified nodule)70. Advanced plaques may undergo many
non-fatal ruptures, either through lysis of the thrombus or fibrotic repair mechanisms of
the lesion; the latter may be responsible for plaque progression5, 69.
The current view is that lesions don’t grow linearly, but rather episodically. Plaque
disruption (haematoma), thrombus formation (superficial erosion) or intra-plaque
haemorrhage (due to rupture of a frail capillary) might yield sudden changes in smooth
muscle cell proliferation and matrix deposition. Fibrotic repair mechanisms will add new
layers to the plaque. Such episodes might usually be clinically unapparent. In general,
after several decades of clinical inactivity complications of a coronary artery plaque
could occur suddenly resulting in myocardial infarction or unstable angina, when the
artery lumen becomes, respectively, occluded or substantially narrowed after such an
event68, 71.

2.1.4 Classification of atherosclerotic lesions
Two schemes for the classification of atherosclerotic lesions have been proposed. In a
series of publications, the American Heart Association’s (AHA’s) Committee on Vascular
Lesions proposed a numerical classification based on the knowledge on the composition
and structure of human atherosclerotic lesion66, 72‑76. The distinctions between separate
individual lesion types are based on consistent morphological characteristics and indicate
that each type may stabilize temporarily or permanently. The progression to the next type
may require an additional stimulus. Virmani et al.68 proposed a modified classification
scheme focusing on more advanced lesions that describes in more detail lesion erosion,
lesion rupture and thinning of the fibrous cap. This scheme is based on observations
in patients suffering from sudden coronary death. New insights in the disease process
lead to an update of the more advanced lesions of the AHA classification scheme77. As
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this thesis focuses more on early lesions than advanced lesions, the AHA’s classification
scheme is adopted (figure 2.2).

Type I lesion:
The lesions consist of small, isolated groups of macrophages both with and without lipid
droplets. The initial accumulation of lipoproteins in the intima does not disrupt the
structure of the intercellular matrix. In the initial lesion the amount of lipid droplets is
on the average twice the number normally present. These changes can only be observed
with high resolution light microscopy (1 micrometer thick sections) and electron

Figure 2.2. Schematic representation of atherosclerotic lesions in cross-sections of the arterial
wall, according to the classification of AHA77.
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microscopy with immunostaining for LDL. Evidence for this lesion type came from
observation in the vascular wall of infants.

Type II lesion:
The lesions contain more macrophages than type I lesions or normal intima. Foam
cells are more numerous and stratified in layers. The intimal smooth muscle cells at
these locations now also contain lipid droplets. Some extracellular lipid may now be
thinly scattered between the cells. Lymphocytes can be present, but less numerous than
macrophages. The turnover of macrophage foam cells is relatively rapid whereas intimal
smooth muscle cells die less readily or quickly. Smooth muscle cells also form and
degrade lipid droplets more slowly than do macrophages. Highly susceptible locations
in the arterial tree with type II lesions contain more foam cells and as these intimal
segments are normally thicker, foam cells accumulate at a greater depth. These lesions
predominate around the age of puberty at susceptible sites of arteries.

Type III lesion:
Lesions containing isolated pools of densely packed extracellular lipid are referred to as
type III lesions, pre-atheromas or pathological intimal thickening. These lesions contain
lipid‑laden cells, but also a mixture of vesicular cell remnants and small lipid droplets,
both varying in size. They are mostly derived from dead foam cells, and are referred to
as extracellular lipid. A necrotic core is still absent. The extracellular lipid pools are the
direct precursor of the confluent and more extensive accumulation of extracellular lipid
known as a lipid core characteristic for type IV lesions.

Type IV lesion:
The hallmark of type IV lesions or atheromas (also named fibrous cap atheroma) is
a lipid core, a large and well-delineated region in the deep intima where the normal
structural elements of the arterial wall are replaced by densely packed extracellular
lipid. A lipid core develops through an increased amount of extracellular lipids and the
merging of separate intracellular lipid pools. The extracellular accumulations commonly
contain cholesterol crystals and calcium particles, whereas the lipid pools of type III
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lesions rarely do. Smooth muscle cells normally resident in the region of the lipid core
are decreased and sometimes absent. The packed particles and droplets that replace
the normal intercellular matrix at the core presumably hinder the function of smooth
muscle cells present. Any remaining smooth muscle cells become widely dispersed. A
necrotic core is clearly visible. The thickness of the tissue layer overlying the core does
not substantially exceed the usual thickness of the intima at that location. The layer is
composed of a proteoglycan-rich intercellular matrix, smooth muscle cells with and
without lipid droplet inclusions, macrophages and foam cells. Lymphocytes are also
present. Components such as newly formed fibrous connective tissue layers, surface
disruption, haematomas or thrombosis are not part of type IV lesions, but can develop
in subsequent lesions. These lesions may be found at highly susceptible arterial locations
in the second decade of life.

Advanced lesions:
Subsequent lesions can have different appearances with diverse compositions and develop
at unpredictable rates. Layers of fibrous connective tissue, produced by intimal smooth
muscle cells, are added in a type V lesion or fibro-atheroma. Smooth muscle cells may
be greatly increased in number. Calcium deposits can be increased to lumps or plates.
Type VI lesions contain surface defects leading to thrombus formation. Calcified lesions,
in which the calcified part dominates over all other lesion components, are classified as
a type VII lesion and osseous metaplasia may accompany lumps of calcium. Type VIII
lesions consist mainly of connective tissue. Lipid cores are absent. It may be the result
of one or more processes, including organization of thrombus, extension of the fibrous
component of an adjacent fibro-atheroma and/or resorption of lipid cores.

2.2

Calcifications in the atherosclerotic lesion

Calcification inside the vessel wall intima is part of the sequence of events characterizing
the atherosclerotic disease process. In the human heart, intimal calcifications, which
only occur due to the atherosclerotic process78, are observed at typical predilection sites
of atherosclerosis in the coronary tree79, namely in the proximal left anterior descending
coronary artery and to a lesser degree in the proximal right and left circumflex coronary
arteries12.
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According to the current view, calcifications within atherosclerotic plaques only start to
occur in the second decade of life when atheromas have formed and may account for
up to 10 % of the lipid core in a person of 20 to 29 years old71. The calcium phosphate
deposits have a diffuse, punctuate morphology. These can coalesce to large and solid
crystals. In adults past the fourth decade of life, having more developed plaques, the
mineral deposits have the size of hundreds of microns to millimetres in length. Some
plaques even progress to calcify, which in the aorta each might measure a centimetre80.
In some persons of more than 70 years old having high degrees of calcifications, the
formation of mineralized bone tissue (chondroid tissue, trabeculae and bone marrow
included in mature lamellar bone) was observed in carotid artery plaques81, 82 and
aortas82, 83.
A second type of vascular calcifications, namely inside the media, is not related to
atherosclerosis. This type of calcification, also named Mönckeberg’s sclerosis, is primarily
present in the elderly84, diabetic patients85 and patients suffering from chronic kidney
disease86. Its morphology is different from intimal calcification. In its earlier form,
medial calcification appears as linear deposits along elastic lamellae and may progress to
a dense circumferential sheet of calcium crystals in the centre of the media, surrounded
on both sides by vascular smooth muscle cells and often contains bone trabeculae and
osteocytes78. In general, medial calcification is rare in coronary arteries. However, in
patients with renal dysfunction medial calcifications in the coronary arteries can be
observed87‑89.

2.2.1 Epidemiology of coronary artery calcification
Coronary artery calcification is an independent risk factor for coronary heart disease90, 91.
The degree of intimal calcification in arteries correlates highly with the severity of
atherosclerotic plaque burden (lesion size) in the coronary arteries, but not with residual
lumen area92‑94. Also, plaque burden (lesion size) and the degree of calcification increase
directly with advancing patient age92. Hence, intimal calcifications follow atherosclerotic
plaque development and higher degrees of calcification are associated with more extensive
atheroma burden.
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Detection of asymptomatic coronary atherosclerosis, and especially the onset of
calcification, has been hindered by the lack of sensitive and specific diagnostic tests.
Electron beam computed tomography (EBCT) is currently the technique of choice
for the in vivo assessment of calcified lesions and, hence, plaque burden. Though, this
technique can only detect calcifications in the millimetre range and therefore can only
visualize relatively advanced stages of atherosclerosis80, 93. It was found that there was a
positive relation between areas with calcium-rich material in the coronary arteries detected
by EBCT and histologically detected lesions area, though due the resolution limitations
calcifications were not detectable in lesion areas smaller than about 5 mm2 93.
Janowitz et al.95 studied coronary artery calcification in an asymptomatic population
with computer tomography. The prevalence of coronary calcification was already 11 %
for men and 6 % for women between 14 to 29 years of age and 21 % for men and 11 %
for women between 30 and 39 years of age. In individuals between 29 and 37 years of
age Mayoney et al.96 found slightly higher numbers with EBCT, namely a prevalence of
31 % in men and 10 % in women. In patients older than 80 years all had calcification
in the coronary arteries. Women have a 10‑year time lag in the prevalence of coronary
calcification, which is in line with the later onset of atherosclerosis in women. Until the
age of 60 years men have a prevalence of vascular calcium depositions approximately
twice that of women95.
Coronary artery calcification is regarded as a marker of coronary atherosclerosis and an
indicator of future myocardial infarctions91, 97‑100. In patients suffering from myocardial
infarction there is a higher increase of in calcified lesion volume in the coronary artery
compared to event free individuals101, 102. This progression of calcified lesion volume can
be slowed down as a result of lipid-lowering drugs such as statins103‑106. However, in a
recent study by Houslay et al.107, statins had no major effect on the rate of progression of
calcified lesion volume, despite the fact that plasma low density lipoprotein cholesterol
levels were halved. Nichols et al. recently showed that established calcified lesions are
more resistant to undergoing changes in size in response to lipid-lowering therapies108.
In primates cholesterol lowering was associated with an increase in vascular fibrous tissue
without a reduction in calcification size, although the lesion size itself was reduced109.
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2.2.2 Calcification and myocardial infarction
Autopsy studies of human hearts revealed a positive relationship between the amount
of coronary calcification and the occurrence of a myocardial infarction110, 111. This
observation raised the question whether calcifications destabilize lesions and, hence,
cause rupture of the lesion. Myocardial infarction due luminal thrombus formation
in the coronary arteries can be the result of superficial erosion or rupture of the lesion
(explained in section 2.1.3.7).
In autopsy studies of acute coronary death it was observed that the degree (size and
amount) of calcification is low in case of plaque erosion. In contrast, the majority of
acute plaque ruptures occurred in areas of calcification. Thin cap fibro-atheromas (lesions
especially at high risk for plaque disruption) displayed areas of speckled calcification,
but also heavily calcified areas and non-calcified areas were present in these lesions.
Severely calcified segments were associated with healed ruptures (AHA VII or VIII) or
with fibro-atheromas (AHA V)112, 113. In a study of Farb et al.114, it was shown that a
group with 11 men and 11 women (44 ± 7 years) died as a result of plaque erosion and a
group of 23 men and 5 women (53 ± 10 years) as a result of plaque rupture. The eroded
plaques were rich in smooth muscle cells and proteoglycan at their luminal surface
and were less often calcified (plaque calcification in 23 % of the cases in this group)
compared to plaque ruptures (plaque calcification in 69 % of the cases in this group).
In a detailed study of Schermund et al.94 sudden coronary deaths were investigated in
28 individuals, 43 ± 6 years of age (16 plaque rupture, 6 plaque erosion, 1 rupture plus
erosion, 5 no thrombus). 70 % of the coronary artery sections from plaque ruptures
contained calcium deposits, which was significantly larger than in stable plaques (50 %)
as defined as plaques in a control group who died from non-cardiac causes. In plaque
erosion this was 33 %, but due to the small number of samples the level of significance
was not reached. The percentage of calcified plaque area for plaque rupture, plaque
erosion and stable plaques was, respectively, 4.8 ± 9.0 %, 1.0 ± 1.6 % and 3.6 ± 7.4 %.
The localisation of the calcification in the artery wall did not differ between ruptured
and stable plaques.
In a biomechanical study by Huang et al.115 it was shown that coronary calcifications
did not significantly affect the stability of an atheroma, though a significant reduction
of stability was associated with increased lipid depositions. Lee et al.116 investigated
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the mechanical properties of the fibrous caps of aortic atherosclerotic lesions. The
calcified fibrous caps were 4 to 5 times stiffer than cell-rich fibrous caps. Fibrous caps
containing only a few cells were 1 to 2 times stiffer than cell-rich fibrous caps. In another
biomechanical study by Imoto et al.117 the stability of a lesion was predominantly affected
by the thickness of the fibrous cap. The stability of atherosclerotic lesions was increased
by calcifications adjacent to the fibrous cap. Calcifications at the abluminal side of the
lesion did not have an effect on the stability of the fibrous cap. The intima tears often at
the interface between calcified and adjacent non-calcified arterial tissue118.
Thus, calcifications do not destabilize atherosclerotic lesions. The extent of the coronary
calcification indicates the degree of the atherosclerotic process. Extensive calcification
may imply that the atherosclerotic process is far advanced with several non-calcified
plaques prone to rupture admixed with calcified and more stable areas. This is associated
with a negative prognosis.

2.2.3 Histological observations in atherosclerotic arteries
As a general consensus of the atherosclerotic process calcifications are definitely present
in advanced lesions6, 119. Only a limited number of studies indicate that calcifications
start to appear at an early stage of the disease process. Here a summery is given of
literature findings on early calcifications in human atherosclerotic vascular tissue, mostly
observed with transmission electron microscopy or with light microscopy. Firstly,
the calcifications according to the AHA classification scheme are given. Secondly,
observations from authors are given in the order of the stage of atherosclerosis. When
no AHA classification was mentioned in an article the stages were interpreted from the
research findings mentioned and the AHA lesion type is then given in brackets.

Calcifications according to AHA classification scheme
The AHA classification77 is based on observations on coronary arteries obtained at
autopsy. The AHA lesion types I and II did not have calcium deposits and in lesion
type III occasionally a few calcium granules were found.
In contrast to type III lesions calcium granules could be readily seen in type IV lesion.
Calcium granules were observed within some smooth muscle cells and extracellularly
among the vast mass of lipid particles (the lipid core) in the abluminal intima. Extracellular
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granules were scattered among the small lipid droplets and vesicular remnants of dead
cells that formed the lipid core of a lesion. Most of the cell remnants that are part of the
extracellular material represent successive generations of macrophage-derived foam cells
that died. Dead smooth muscle cells provided a smaller proportion of the remnants. The
extracellular granules often were aggregated. In most lipid cores, extracellular granules
outnumbered intracellular calcium granules. The granules in the smooth muscle cells
were about 5 to 10 mm in size. Smooth muscle cells containing the granules were mainly
cells that were trapped in the lipid cores of lesions, cells that had become dispersed,
isolated, and encased among the vast masses of accumulated extracellular lipid. The
precise nature of the (altered) organelles that calcified in the cytoplasm was not identified
because of the fact that particles were often superimposed. Some of the calcium granulecontaining smooth muscle cells had thick basement membranes. Calcium granules were
sometimes found in the cytoplasm of smooth muscle cells of the fibrous cap. Elastic
fibers, either intact or altered, were not a nidus for the deposition of calcium granules.
In type V, VI and VII lesions large-sized calcium deposits were clearly present. Lesion
type V and VI continued to have a core of extracellular lipid and calcium deposits
were predominantly within this part of the lesion. In type VII lesions, calcifications
dominated over all other lesion components. Calcification plates were thin in relation to
their length and width. The mineral deposits measured hundreds of microns in thickness
and even millimeters in length80, 109, 120.

Early lesions
In an autopsy study by Guyton et al.7 on human aortas with AHA type III lesions calcium
deposits in the form of spicules (150 nm in length) were sometimes seen surrounded by
lipid droplets (33 to 65 nm) as observed with electron microscopy (electron dense areas).
These deposits were present near cholesterol crystals in the abluminal intima. In this area
also a limited number of cells were present. This region lacked foam cells suggesting that
early core region lipid deposits, including cholesterol crystals, do not arise as a direct
result of foam cell death, but more likely are formed from lipids accumulating gradually
in the extracellular matrix of the deep intima. Bobryshev et al.8 investigated with the
use of the electron microscope fatty streaks (AHA type I to III) in thoracic aortic tissue
obtained from autopsy. Only a few foam cells and smooth muscle cells containing 2 to
4 lipid droplets were seen inside the lesions. Calcifications (electron dense areas) were
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observed predominantly in the abluminal intima. The size of the calcified deposits varied
between 400 to 3000 nm and they were usually round or oval. Deposits of 1000 nm
and more in diameter showed spicules around the central deposits. The calcifications
were seen at extracellular membrane-containing vesicles, which were mostly located in
groups, as well as along elastic fibers and smooth muscle cells. Dead and destroyed
cells were not observed in such regions. Extracellular vesicles originating from the
plasmalemmal membranes of smooth muscle cells and their subsequent calcification
as commonly observed in advanced lesions were rarely observed. No macrophages were
localized in close vicinity of the calcified deposits.
Jeziorska et al.121 did light microscopy analysis with von Kossa staining, a standard
histochemical method to identify calcifications, on human carotid arteries with AHA
type II, III and IV lesions. The earliest signs of calcifications were seen in stage III
lesions, especially in areas peripheral to small pools of extracellular lipid. Mast cells and
macrophages were associated with these calcifications, but not smooth muscle cells.
Watson et al.122 observed a subpopulation of smooth muscle cells in the human
abdominal aorta (early and advanced lesions) with light microscopy. These calcifying
vascular cells exhibit osteoblastic characteristics. After stimulation of this cell type
in vitro with TGF‑b1 and 25‑hydroxycholesterol these osteoblast-like vascular cells
produced calcium-mineral nodules as observed with von Kossa staining.

Advanced lesions
Tanimura et al.123 investigated human aortas (AHA III‑IV) obtained at autopsy. With light
microscopy (haematoxylin and eosin staining) calcium deposits were seen as fine grains,
ring-shaped droplets or small needle-shaped crystals. Fine granular calcium deposits
were mostly associated with extracellular fine granular lipid in atherosclerotic intima,
but some calcium deposits did not show any relation with extracellular lipid. Frequently,
calcium deposits were mixed with lipid and necrotic debris. Large aggregated calcium
deposits were found to be associated with increased iron levels as seen with Prussian
blue staining. The first electron microscopically recognizable calcium deposits (electron
dense areas) appeared to be present within vesicles and these were often associated with
distorted remnants of smooth muscle cells. Elastic fibers did not calcify.
Kockx et al.124‑126 focused on apoptosis during the atherosclerosis process in human
carotid endarterectomy specimens. In advanced lesions (AHA type IV) round vesicles,
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rich in calcium, were often found with diameters of 0.5 to 5 mm in the lipid core and
fibrous cap as observed with electron microscopy (electron dense areas and electron
microprobe). Apoptotic smooth muscle cells and macrophages were present in advanced
atherosclerotic lesions. Cytoplasmic remnants of apoptotic smooth muscle cells
remained present in the plaque as matrix vesicles. In fatty streaks (AHA type I to III) cell
replication and apoptotic cell death were absent, but cell remnants were seen, indicating
that apoptosis had occurred.
Hirsch et al.127 studied with light microscopy (haematoxylin staining) advanced lesions
(AHA type IV and higher) in human aortic and coronary artery tissue. Increased
levels of unesterified cholesterol and calcium depositions appeared in close association.
Balakrishnan et al.128 showed that human coronary endarterectomy specimens
with advanced lesions (more advanced than AHA type IV) have calcifications as an
encrustation around individual microvesicles of lipid. These vesicles were sometimes
partially or completely replaced by calcium deposits (electron dense areas seen with
electron microscope). Some calcium deposits coalesced forming larger clumps of
calcified material.
Becker et al.129 investigated calcified atherosclerotic lesions (AHA type VII) retrieved
from human aortas. Calcifications with a size of 0.05 mm were observed with electron
microscopy (electron dense areas and electron microprobe) near collagen fibrils. Radially
structured aggregates with more than one shell were observed in some regions which had
a diameter of about 0.20 mm. Bobryshev et al.130 investigated carotid artery segments
obtained at endarterectomy to study AHA lesion types V, VI and VII. In these lesions they
found using electron microscopy (electron dense areas) that elastic fibers were calcified
and the calcium deposits were ranging from 100 to 600 nm. The deposits were located
in acellular plaque areas next to the necrotic core, displaying abundant calcification.
Other patchy calcified deposits where seen within elastic fibers with dimensions up to
7 mm2.
In a comparable study by Bobryshev131 aortic segments from aortic reconstructions
and carotid artery segments obtained at endarterectomy were used to study lesion areas
next to advanced calcifications in AHA lesion types V, VI and VII. In almost all tissue
specimens chondrocyte-like cells were observed. In areas around the necrotic cores,
some chondrocyte-like cells displayed signs of structural destruction, which included
replacement of the cytoplasm by numerous membrane-bound vesicles, varying in size
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from 0.1 to 0.5 mm in diameter. Some vesicles were calcified as observed with electron
microscopy (electron dense areas and electron microprobe). In a subsequent study
by Bobryshev et al.132 also carotid artery segments obtained at endarterectomy were
investigated to study calcified lesions (AHA type VII). The lesions contained large
calcifications, which were surrounded by small calcified deposits of less than 0.5 mm in
size. These small calcifications were distributed dispersedly throughout the atherosclerotic
lesions. Matrix vesicles (90 to 600 nm in diameter) were especially abundant in a-cellular
areas and were frequently seen in large numbers along elastic fibers. Some matrix vesicles
were not calcified and others were calcified inside or along the vesicular membrane.
In rare cases heterotopic ossification (lamellar bone) of fibro-calcific lesions (AHA VII)
have been described in literature81, 83, 133.
In summary, in early lesions calcifications have been occasionally observed, most often in
the neighbourhood of extracellular lipid and in the form of vesicles. In advanced lesions
calcifications were seen at sites of extracellular lipid, elastine and collagen fibrils, and
apoptotic cells. When large calcifications are present in advanced lesions also chondrocytelike cells and matrix vesicles can be present, which can eventually lead to ossification
inside the intima. It should be kept in mind that most of the observations described here
were done using techniques that don’t measure calcium directly. For example, the von
Kossa staining, a standard histochemical method to identify calcifications83, does not
react with calcium, but reacts with phosphate in the presence of acidic material. This
does not directly imply the presence of calcium134.

2.2.4 Regulation of calcification
Active regulation of arterial calcification in well developed atheromas as part of the
process of atherosclerosis has been convincingly established in addition to precipitation
of calcium and negatively charged ions in a passive process82, 135‑137. Under normal
circumstances, extracellular fluids are saturated with respect to calcium and phosphate
and the maximal solubility of Ca2+ and HPO42- is almost reached138. Normally,
mineralization only occurs in bone, which means that there are powerful inhibitory
processes to prevent ectopic mineralization in soft tissues. Matrix Gla protein has been
identified as the first potent endogenous inhibitor of calcification139. Also proteins
involved in chondrogenesis and osteogenesis have been observed in the artherosclerotic
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artery wall. The expression of bone morphogenetic protein 2, a powerful bone
morphogen, in calcifying atherosclerotic plaques was first described by Bostrom et al.140.
This observation provided the first robust molecular evidence that an active osteogenic
process contributes to vascular calcification.

2.2.4.1

Matrix Gla protein

Matrix Gla protein (MGP), which is located in the extracellular matrix, is expressed
abundantly in bone matrix141 in normal media and adventitia83, 88, 142 MGP contains
several Gla residues that can bind Ca2+. Thus, a potential mechanism of MGP action in
inhibiting calcium phosphate deposition is calcium chelation and, hence, reduction of
the concentration of free calcium ions143, 144.
It is of note that MGP is expressed in atherosclerotic arteries at mineralization sites145.
In particular, MGP is expressed by both macrophages and smooth muscle cells, and it
accumulates near calcium deposits145. Gamma-carboxy glutamate or Gla is an amino
acid residue with a high affinity for binding hydroxyapatite146. Vitamin K dependent
gamma-carboxylation of glutamate residues is necessary for MGP function. In addition,
MGP binds to elastin and may therefore mask mineral nucleation sites88.
The expression of MGP increases with mineralization. Human calcified atherosclerotic
lesions have greater MGP content than normal arteries. Similarly, MGP expression
increases during differentiation and mineralization of vascular cells in culture147, 148. A
possible explanation for the paradoxical observation of the increase of MGP during
differentiation and its inhibitory properties is that the onset of mineralization may trigger
increased production of the inhibitor, creating a negative feedback loop. Conversely, it
may indicate that the inhibitory effect of MGP is overruled by stimulatory effects of
other players in the field.
The MGP null mouse shows extensive vascular ossification, inappropriate calcification
of tracheal and metaphyseal cartilage, and early death from vascular rupture. The
targeted deletion of the MGP gene causes rapid calcification of the elastic lamellae of
the arterial media, starting at birth. Histological analysis of the aorta shows cartilaginous
metaplasia with endochondral ossification139. In the rat, treatment with the vitamin K
antagonist, warfarin, at doses that inhibit the vitamin K-dependent g-carboxylation of
MGP, causes rapid calcification of elastic lamellae of arterial media and increased gene
expression of MGP in the calcifying artery149, 150. Observational studies in small, selected
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cohorts of human subjects suggest that use of oral anticoagulants (vitamin K antagonist)
is associated with increasing valve calcification and coronary artery calcification151, 152.
The animal and human data therefore support the hypothesis that MGP is an important
regulator of vascular calcification.

2.2.4.2

Osteocalcin

Osteocalcin (also called bone gla protein) normally limits bone formation153. It is
the most abundant of the non-collagenous proteins of bone produced by osteoblasts
that promotes adhesion and chemotaxis in osteoclasts154. In humans, osteocalcin has
been demonstrated in calcified atherosclerotic plaques and calcified aortic valves155.
In human carotid arteries osteocalcin is associated within large calcified areas (AHA
type V and VI lesions)156. Endothelial cells in early lesions from human abdominal
aortas contain osteocalcin83 It probably has a limited role in mineralization, as it is
generally not expressed until mineral formation has been fully established. Osteocalcin
is considered an osteoblast-specific protein, although platelets, calcifying vascular cells,
and macrophages are also able to express the protein147, 157.
Osteocalcin contains 3 GLA residues, as a result of a vitamin K–dependent posttranslational modification, which allows it to bind to calcium and hydroxyapatite. In
vitro, this protein strongly inhibits calcium salt precipitation158, shows a strong affinity
for hydroxyapatite, and inhibits crystal growth by delaying nucleation159.
Osteocalcin null mice have normal bones at birth, but their bone density and mass
increase with age. Their arteries are apparently normal, despite the fact that osteocalcin
is expressed in the aorta of wild-type animals and upregulated in calcified aortas153.

2.2.4.3

Bone morphogenetic proteins

The Bone morphogenetic protein (BMP) signalling pathway is critical to proper
bone formation. BMPs stimulate the transdifferentiation of mesenchymal cells into
osteoblasts, which in turn can mediate ectopic bone formation160. BMP‑2 and BMP‑4,
members of the TGF-b superfamily, are potent osteogenic factors that trigger osteoblast
differentiation. Both are secreted signalling molecules present in bone tissue. Individual
BMPs are prominent at many sites during embryonic development and organogenesis.
BMP‑2 can induce ectopic bone and cartilage formation in adult vertebrates161.
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Mesenchymal differentiation is regulated by MGP via dose dependent inhibition of the
biological activity of BMP‑2162. To exerts this action, MGP physically binds to BMP‑2163
thereby inhibiting BMP‑2 activity164.
BMP‑2 expression occurs in calcified arterial lesions83, 165. This potent osteogenic
factor may be involved in calcium deposition in plaque. BMP‑2 mRNA expression
has been reported to be enhanced in vascular smooth muscle cells of advanced human
atherosclerotic plaques165, but BMP‑2 and BMP‑4 proteins are also present in early
atherosclerotic lesions83. BMP‑2 is also expressed in human endothelial cells, vascular
smooth muscle cells and macrophages in vitro166. Mice deficient in MGP139 have extensive
vascular calcification, presumably resulting from the unopposed effects of BMP‑2 on
mesenchymal cell differentiation. Based on these findings, it has been suggested that
BMP signalling is an important component of the mechanism of arterial calcification.
BMPs can promote differentiation of arterial progenitors into osteoblast-like cells160.
In vitro BMP‑2 decreases the expression of smooth muscle cell markers160. BMP
expression in coronary arterial endothelial cells is upregulated by oxidative stress and
by the pro-inflammatory cytokine tumor TNF-a. Shear stress down regulates BMP‑4
expression in human and rat coronary arterial endothelial cells, although it has no effect
on BMP‑2167.

2.2.4.4

Core binding factor a1

Core binding factor a1 (Cbfa1, also called Runx2) is one of the transcription factors
that regulates osteoblastic differentiation and bone formation. Cbfa1 is essential for
osteoblast and perhaps also for chondrocyte development. Cbfa1 is expressed early
in development in cells with the potential to differentiate into either osteoblasts or
chondrocytes. Cbfa1 expression precedes the appearance of bone168, 169. Mice with
targeted deletion of the gene encoding Cbfa1 manifest a complete lack of osteoblasts
and die soon after birth170, 171.
The protein co-localizes with calcified areas in atherosclerotic lesions, and is expressed by
macrophages in plaque micro-environments where MGP is absent172. These observations
are consistent with a model wherein MGP inhibits calcium deposition and Cbfa1
promotes differentiation of pluripotent arterial cells into an osteoblast-like phenotype
in plaque micro-environments where focal calcification occurs.
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Cbfa1 is expressed by calcifying vascular cells147 and upregulated in vascular smooth
muscle cells by dexamethasone, a potent inducer of bone osteoblastic differentiation173.
In addition, stimulation with TNF-a enhances the Cbfa1 activity174. BMPs (including
BMP‑2) induce the expression of Cbfa1 mRNA175, 176.

2.2.4.5

Other bone matrix proteins

Osteopontin is an acidic phosphoprotein normally found in mineralized tissues such as
bones and teeth and thought to be involved in regulation of mineralization by acting as an
inhibitor of hydroxyapatite crystal growth177. It is a multifunctional extracellular protein
that mediates attachment and migration of osteoblasts, osteoclasts, macrophages, and
mesenchymal VSMCs178, 179. Osteopontin is found in both early and advanced human
atherosclerotic lesions83, 145, 156. Aortic expression of the osteopontin is up-regulated in
atherosclerotic mouse models on a high cholesterol diet and is detected in several aortic
cell types including foam cells, vascular smooth muscle cells of the tunica media, and
adventitial and valvular fibrotic cells180.
Osteonectin is expressed in areas of active remodelling in the skeleton and other tissue.
It is a bone glycoprotein that binds to collagen and hydroxyapatite and shows a high
affinity for copper181, 182. In vitro, osteonectin is a potent inhibitor of hydroxyapatite
crystal formation183. It is present in advanced atherosclerotic lesions83, 156.
Bone sialoprotein, a secreted glycoprotein, is expressed in highly proliferating bone
marrow stromal cells. Bone sialoprotein can nucleate hydroxapatite formation in vitro184.
It is highly expressed in calcified lesions, but also in atheromas and early lesions83.
In summary, a set of proteins either with inhibitory or activating properties is involved
in bone formation (figure 2.3). Current knowledge suggests that these proteins also play
a role in vascular calcifications. It is, however, incompletely understood whether these
proteins are involved in the onset of deposition of calcium-rich material in the early
stages of atherosclerosis.
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Figure 2.3. Schematic representation of the balance of atherosclerotic calcification controlled by
inhibitory proteins and activators.

2.2.5 Chemical composition of atherosclerotic calcifications
Limited information is available about the composition of the calcium phosphorous
deposits in atherosclerotic lesions. Also, most studies deal with advanced intimal lesions
containing large lumps of calcified material. Data about the composition of micrometersized calcifications at a pre-atheroma stage of the atherosclerotic process are scarce.
Chemical bulk analysis by Schmid et al.185 of the mineral part of human aortas, with
advanced atherosclerotic lesions (fibrous plaques and complicated lesions), showed that
the average weight ratio of calcium-to-phosphorus is close to the ratio of hydroxyapatite
(HAP), namely a calcium to phosphorus mass ratio of 2.16. This was indifferent of
the size and the surface and interior of the mineral deposit had the same chemical
composition as observed with electron probe analysis. Mineral deposits consisted of
calcium hydroxyapatite (71 %), carbonate (9 %) and proteins (15 %). With the use of
chemical bulk analysis Tomazic et al.186 showed that deproteinated cardiovascular mineral
deposits retrieved from human aortas possessed a calcium-to-phosphorus mass ratio of
2.23 ± 0.18. Using the electron microprobe it was shown that different morphologies of
the calcifications have different chemical compositions (different calcium to phosphorus
mass ratio), namely 2.01 for smooth spherical particles, 2.17 for irregular particles and
2.31 for the most abundant layer type scale. They identified the material as bioapatite,
corresponding to defect HAP with substantial incorporation of sodium, magnesium,
carbonate and fluoride.
Murengi et al.187 used inductively coupled plasma-mass spectrometry (ICP-MS) on
human coronary arteries. This is a bulk technique and plaques were excised from the
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intima. In lesions with massive calcifications the calcium-to-phosphorus mass ratio was
2.2 ± 0.9 and in the lesions without massive calcifications it was 0.8 ± 0.6. In a study
by the same group188 on coronary arteries the variation in the ratios was very large
3.6 ± 3.8, even with the exclusion of one outlier. This technique was also applied by
Wolf et al.189 on human carotid arteries (carotid endarterectomy specimens) with large
calcifications. The dilapidated and ashed specimens had a mean calcium-to-phosphorus
mass ratio of 2.14. The above studies used bulk techniques and no conclusion could be
drawn as to the localisation of the accumulations.
Electron microprobe analysis of calcified human aortas with large calcified areas by
Becker et al.129 showed an average calcium-to-phosphorus mass ratio of 1.81, pointing
to a calcium-deficient HAP. These above mentioned studies were performed on wellestablished calcified areas of the atherosclerotic artery wall. Only carbonated apatite
could be observed, but b‑TCP (Mg-substituted tricalcium phosphate) and amorphous
mineral phase could not be detected. Fitzpatrick et al.146 used electron microprobe
analysis to study calcified lesions from human coronary artery segments obtained at
autopsy. The calcium-to-phosphorus mass ratios were between 2.0 and 2.2.
A study by Bobryshev et al.131 showed that chrondrocyte-like cells with membranebound vesicles (size of 0.1 to 0.5 µm) could be observed in areas around the necrotic
core in human atherosclerotic plaques in human aortas and carotid arteries. Some
of these vesicles were calcified as observed with the electron microprobe (calcium to
phosphorus mass ratio 2.12 ± 0.18). This finding implies that immediately after the onset
of calcification hydroxyapatite is deposited. Electron microprobe analysis was also done
by McCormick et al.190 on aortic and carotid artery specimens from patients undergoing
endarterectomy or aortic reconstruction to study calcifying matrix vesicles. In contrast,
they found a much lower calcium-to-phosphorus mass ratio, namely 0.66 ± 0.22. This
low value was attributed to the co-localization of phospholipids and free phosphate.
In summary, detailed histological analysis on atherosclerotic lesions showed that in
addition to big lumps of calcified material precipitation of calcium-rich compounds also
occurs at the (sub)microscale. No consensus exists, however, on the chemical composition
of the calcium precipitates. Both calcium-to-phosphorus ratios corresponding with
hydroxyapatite and ratio’s far above or below this ratio have been published. Moreover,
detailed information on the chemical composition of calcifications at a very early stage
of the atherosclerotic process is scarce. Note that the standard deviations mentioned
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with the above average values represent the variation between measurements and not the
uncertainties of the techniques.

2.3

Role of trace-elements in the atherosclerotic process

At present the role of trace-elements in the atherosclerotic process is still unclear.
Information on the presence of trace elements in atherosclerotic lesions is relatively
limited, mainly due to the fact that highly sensitive analytical methods are required to
detect trace elements in intact biological material. A further complication is that the
chemical activity of trace-elements is dependant on the ionic form. The trace-elements
can also be present free or bound to specific proteins, e.g. enzymatic proteins, which
can have many different biochemical influences. Thus, the impact of trace-elements on
atherogenesis is difficult to predict.

Iron
It has been shown that iron (determined with Prussian Blue staining and with electron
microprobe analysis) co-localized with lipid depositions in atherosclerotic lesions in the
human aorta. The extent of iron deposition was associated with the severity of the lesion.
This co-localization was seen both extracellularly and intracellularly, the latter in foam
cell-like macrophages and smooth muscle cells191.
In human coronary arteries iron indications for the accumulation of iron were obtained
in atherosclerotic lesions near the lamina elastica interna as determined with proton
microprobe experiments192. In cholesterol fed New Zealand White rabbits the iron
concentration increased with lesion formation193. Iron was also more present in the
abluminal than in the luminal side of the wall194. It has been proposed that iron oxidizes
LDL in atherosclerotic lesions195. Lapenna et al.196 assessed low molecular weight iron,
which represents the catalytically active form of the metal, together with damage
products of lipid peroxidation and lipid hydroperoxides, in atherosclerotic plaques
surgically removed from patients who underwent selective carotid endarterectomy.
There was a significant relationship between low molecular weight iron and damage
products, suggesting a role for catalytic iron in atherosclerotic plaque oxidation and,
hence,the severity of atherosclerosis.
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It has been shown that lipid peroxidatation can also be caused by enzymes such as
lipoxygenases with iron ions in their active center197, but also other enzymes have been
proposed to play a role in the LDL oxidation (section 2.1.3.2). Human atherosclerotic
lesions contain elevated levels of myeloperoxidase (a haem enzyme), which generate
powerful oxidants40, 198, 199. Under normal circumstances, however, iron is mainly present
tightly bound to proteins such as transferrin, lactoferrin, ferritin, or haemosiderin200
and, hence, not directly involved in peroxidation processes.

Zinc
The presence of zinc in human atherosclerotic lesions was seen near the lamina elastica
interna as determined with proton microprobe experiments192.
Matrix metalloproteinases, containing zinc at the catalytic site, are capable of degrading
collagen and elastine. These enzymes are expressed in high levels in human atherosclerotic
lesions, particularly in association with macrophages. They play a role in degrading the
tissue matrix and triggering plaque rupture198.
Zinc is a cofactor in Cu/Zn superoxide dismutase (Cu/Zn‑SOD), being the predominant
form of SOD in the vessel wall201. Cu/Zn‑SOD is primarily located in the cytoplasm.
SOD is able to scavenge the superoxide anion (O2‑) and to block the formation of
peroxynitrite (ONOO‑) and is therefore considered to play an important role in the
cellular antioxidant defence mechanism200, 202. Zinc is also an essential component of
biomembranes and is necessary for maintenance of membrane structure and function
and zinc inhibits pathways of signal transduction leading to apoptosis203. Therefore, the
increased concentration of zinc in atherosclerotic lesions could point both to detrimental
and beneficial effects of this trace element.

Copper
It has also been suggested that copper plays a role in the lipid peroxidation195, 204. Copper
is an essential component of lysyl oxidase, an enzyme involved in the biosynthesis of
collagen, which is a major constituent of the extracellular matrix and could therefore
exert a stabilizing effect on lesions205. It should be noted that almost no copper was
found in the lesions of cholesterol fed New Zealand White rabbits as determined with
proton microprobe experiments206.
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Trace-elements and calcification
Tanimura et al.123 investigated human aortas with advanced lesions (section 2.2.3).
Large aggregated calcium deposits were found to correspond with iron as seen with
Prussian blue staining determined with light microscopy. In a study of Pallon et al.192
elevated levels of calcium were observed in the surrounding of the lamina elastica
interna in human coronary arteries. These areas co-localized with areas in which also
iron and zinc could be measured.
Inhibition of matrix metalloproteinase, containing zinc, attenuated aortic calcification in
Sprague-Dawley rats207. In cell culture iron inhibited mineralization and iron chelation
antagonized this effect208.
The collective findings suggest a relationship between iron and zinc on the one hand
and the deposition of calcium on the other. The nature of this relationship is, however,
incompletely understood. The same holds for a causal relationship, if any, at the early
stages of atherosclerosis.

2.4

Concluding remarks

Atherosclerosis starts in young individuals with no overt evidence of clinical coronary
arteries disease. Calcifications can already be present in early lesions types, most often at
the side of extracellular lipid deposition. In the neighbourhood of smooth muscle cells
micro-calcifications can have the appearance of vesicles. In advanced lesions calcifications
are present at sites of extracellular lipid, elastine and collagen fibrils, and apoptotic cells.
All of these can possibly be nidi for calcium phosphate deposition as calcium is almost
saturated in extracellular fluids.
Normally the calcium phosphate depositions are inhibited by calcium chelating
proteins. When the calcium burden increases a balance is created between inhibitors
and activators of calcium phosphate deposition. Active regulation of arterial calcification
in well developed atheromas is thought to be part of the process of atherosclerosis. Near
large lumps of calcifications chondrocyte-like cells and matrix vesicles can be present,
but only in advanced lesions.
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Generally, the calcium phosphate depositions have been referred to as hydroxyapatite,
but also other compositions have been observed and several precursors of hydroxyapatite
have been proposed. There is paucity of information about the composition of calciumrich precipitates at a (sub)micrometer scale. Trace-elements are present in atherosclerotic
lesions, often at the site of calcium phosphate depositions, but their pathogenic role in
the atherosclerotic process has not yet been fully elucidated.
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3.1

Introduction

The main aim of this thesis is to study the accumulation of calcium, phosphorus and
trace-elements in the intimal part of artery walls with lesions preceding atheromas.
For this purpose a combination of proton-beam techniques is simultaneously applied
on tissue sections of human coronary arteries and mouse carotid arteries, i.e. microProton Induced X-ray Emission (PIXE), Backscattering (BS) and Forward Scattering
(FS) Spectroscopy1. To apply these techniques, high energy protons are required and
these are produced utilizing an accelerator (SingletronTM, High Voltage Engineering
Europe B.V., Amersfoort, the Netherlands). The accelerator is connected to a proton
microprobe setup, which is optimized for the measurements described in this thesis.
A new data acquisition hardware and software system is introduced and new analysis
software is written.
In section 3.2 a description of the accelerator (SingletronTM) and proton microprobe
setup is given. The proton-beam techniques used are introduced in section 3.3. The
data-acquisition hardware and software are described in section 3.4 together with the
data-analysis software applied to analyse the experimental data.

3.2

Experimental setup

3.2.1 SingletronTM and proton microprobe setup
At the Eindhoven University of Technology a high energy proton beam can be generated
with a 3.5 MV accelerator2 (SingletronTM, High Voltage Engineering Europe B.V.,
Amersfoort, the Netherlands). The SingletronTM is connected by a beam guidance system
to the proton microprobe setup (figure 3.1).
The SingletronTM can be used to accelerate protons or helium ions up to a maximum
energy of 3.5 MeV. In this study all experiments were performed with 3 MeV protons.
Detailed information and specifications of the accelerator can be found in reference 2.
As shown in figure 3.1, the beam guidance system consists of steerers, Faraday cups, an
aperture, diaphragms, a 90°‑magnet, beam profile monitors and a switching magnet. The
steerers are located just behind the exit of the accelerator and are used for the alignment
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Figure 3.1. Layout of accelerator, beam guidance system and proton microprobe setup.

of the beam in horizontal and vertical directions. Diaphragms are used for limiting the
size of the beam. Beam profile monitors can be used to inspect the shape of the beam.
The first part of the adjustment procedure is to tune the SingletronTM and steerers by
optimizing the beam current and beam profile at the position of the first Faraday cup.
The beam is guided further through the 90°‑magnet and hereafter the beam current
and profile again are optimized at the position of the second Faraday cup. An aperture
can be inserted in the beam line (just in front of the 90°‑magnet) to precisely adjust the
beam on the ion-optical axis of the 90°‑magnet. In front of the second Faraday cup a slit
feedback system is used to stabilize the energy of the proton beam. The measured energy
stability is better than plus or minus 10 eV measured at a terminal voltage of 1.881 MV
over a period of 4 hr. The terminal voltage ripple is 24 Vpp measured at 2.25 MV2. The
system has a brightness for protons of 40 A rad-2 m-2 eV-1 measured at 2.25 MeV. Via a
switching magnet specific beam lines can be chosen and in the case of this study it is
the proton microprobe beam line. A correction magnet, behind the switching magnet,
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is used to horizontally and vertically align the proton beam in the microprobe setup by
optimizing the beam current at the position of Faraday cups in the middle and at the
end of the proton microprobe setup.
The proton microprobe setup (figure 3.2) consists of an adjustable object and aperture
diaphragm, four magnetic quadrupole lenses, a vacuum chamber and Faraday cups3.
The total system is placed on a heavy concrete block to minimize vibrations. By means
of the Faraday cup at the end of the proton microprobe setup the collected charge
can be measured during experiments. The object and aperture diaphragms are used to
adjust the beam size and beam divergence. With the four magnetic quadrupoles lenses
the beam can be focused on a target. The quadrupoles are placed on stages for the
precise adjustment of the horizontal and vertical translations, tilts, and axial rotation.
In section 3.2.2 a description is given of the beam sizes applied in this study. By means
of a computer-controlled scan magnet, placed behind the quadrupoles, the focused
proton beam can be scanned over an area of the sample. In this thesis the proton beam
makes consecutive steps following a square pattern and this scan pattern is repeated
continuously. The beam time spent per position is 1 ms. The maximal range is 1200 µm
and the minimum step size is 70 nm.

Figure 3.2. Side view of the layout of the proton microprobe setup.
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At the end of the proton microprobe setup a vacuum chamber is positioned (figure 3.3).
A microscope with CCD camera is mounted on top of the chamber through which
images can be taken from the sample via a mirror. Samples can be positioned in a
computer-controlled sample wheel, which is positioned inside the vacuum chamber.
The sample wheel has eight sample positions. The vacuum chamber is equipped with
detectors for Proton Induced X-ray Emission (PIXE), Backscattering (BS) and Forward
Scattering (FS) Spectroscopy.
Backward and forward scattered protons (BS and FS, respectively) are detected with
Passivated Implanted Planar Silicon detectors (PIPS, Canberra Semiconductors). The
backward placed PIPS detector is mounted at a fixed angle of 147° with respect to
the beam-axis (solid angle 12.9 ± 0.7 msr) and is used for the detection of carbon,
nitrogen and oxygen. The forward placed PIPS detector is mounted at an angle
of 45° with respect to the beam-axis (solid angle 8.4 ± 0.4 msr) and is used for the
detection of hydrogen. An ultralow-energy germanium detector (ultra-LEGe, Canberra
Semiconductors) with a 50 mm2 surface area, an ultra-LEGe with a 100 mm2 surface

Figure 3.3. Schematic top-view of the vacuum chamber of the proton microprobe setup.
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area (Canberra Semiconductors) or a lithium-drifted silicon detector (Si(Li), Canberra
Semiconductors) with a 30 mm2 surface can be positioned in the vacuum chamber at
an angle of 135° with respect to the beam-axis for the detection of characteristic X-rays
(PIXE). In the vacuum chamber two X-ray detectors can be simultaneously placed.
Manufacturer specifications were taken for the ultra-LEGe detectors and in case of the
Si(Li) detector specifications were taken as determined previously4. In most experiments
the two ultra-LEGe detectors were used simultaneously.
A beryllium absorber can be placed in front of an X-ray detector, preventing the entry
of backscattered protons into the X-ray detector and reducing pile-up, i.e. two Xrays entering the detector at about the same time. With the possibility of using two
ultra-LEGe detectors simultaneously, the absorber thicknesses of the detectors can be
optimized for the detection of X-rays in a different energy range (corresponding to
different elements). The thickness of the absorber of the first X-ray detector with an
active area of 50 mm2 is chosen to prevent the entry of backscattered protons in the
detector while the detection efficiency of light elements like phosphorus and calcium is
still sufficient (described in chapter 4). The absorber of the second X-ray detector (active
area of 100 mm2) (described in chapter 5) is thicker and optimized for the detection of
trace-elements like iron and zinc. The reason for this choice is that in case of pile-up
the combined energies of two calcium X-rays is near the iron X-ray energy. Thus, this
beryllium absorber is used to reduce the pile-up of mainly calcium and still detect the
trace-elements with a high efficiency. The larger active area of the second detector results
in a larger solid angle and hence lower detection limits, which is advantageous as these
elements are present in very low quantities. The effect on the X-ray spectra can be seen
in section 3.3.1.

3.2.2 Beam size measurements
Before the start of microprobe experiments the beam needs to be focused and its size
determined. The object and aperture diaphragms as well as the quadrupole magnetizations
are set to specific values as determined with ion-optical simulation programs3. The
focusing itself is a three step process.
Firstly, the proton beam is focused with the use of a piece of ceramic which is mounted
in the sample wheel. When the proton beam hits the ceramic the material emits visible
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light. The image can be recorded with the CCD camera and microscope mounted on the
vacuum chamber and displayed on a computer screen. The quadrupole magnetic field
can be manually adjusted to minimize the beam size, usually resulting in a beam size
with a diameter of about 5 mm. The result of this procedure is limited by the resolution
of the CCD camera - microscope combination, as well as by radiation damage of the
ceramic due to the high energy protons.
Secondly, the beam is focused with the use of a tungsten cross-wire that is placed in the
sample wheel. The diameter of the tungsten wires is about 2.5 mm. The beam is scanned
over the cross-wire with the scan magnet using step sizes between 0.5 and 1.0 mm. When
protons hit the tungsten cross wire, they can be scattered in the forward direction, and
measured with the forward particle detector. From this measurement the beam profile
and the beam spot size are determined. A software optimization routine controls the
magnetic field of the quadrupoles and determines the beam diameter with an iterative
procedure. A beam size between 2.0 and 3.0 mm can be obtained in this way, limited by
the diameter of the cross-wire.
Thirdly, the final focusing can be done with cross-shaped micro structures on a focusing
sample placed in the sample wheel. These structures, composed of tungsten/titanium,
are about 100 nm thick and have typical diameters ranging from 0.3 to 2.0 mm and
reside on a Silicon oxide / Silicon backing (figure 3.4). The beam is scanned over these
structures with the scan magnet using step sizes of about 0.15 mm. The forward scattered
protons are completely stopped in the silicon; hence the forward particle detector can
not be used. Instead, X-rays originating from the tungsten are measured with an ultraLEGe detector. An example of a distribution of such a cross-shaped structure (diameter is
0.5 mm) is shown in figure 3.5. A beam profile, which is measured on the same structure,
is shown in figure 3.6. Beam sizes are determined with the following procedure. The full
width at half maximum (FWHM) is, by definition, the beam size. The scan magnet step
corresponding to the highest yield is taken as the position of the maximum of the beam
profile. The position at half this maximum yield is calculated by linear interpolating
between the points closest to them. From these positions the FWHM is calculated. The
smallest beam size, measured in this way, was about 0.5 mm at best.
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a)

b)

Figure 3.4. (a) Microscopy image of a micro-focusing sample showing cross-shaped structures
with a length of 10.0 mm and a diameter of 0.5 mm. The cross-shaped structures are made of W/
Ti on top of SiO2/Si. (b) Schematic drawing of a cross-shaped structure on the micro-focusing
sample as shown in (a).

Figure 3.5. Distribution of a cross-shaped structure (diameter of 0.5 mm) as shown in figure 3.4
and measured with an ultra-LEGe detector. The scan size is 14 µm by 14 µm.
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a)

b)
Figure 3.6. Beam profiles in the horizontal (a) and vertical (b) direction as measured with an
ultra-LEGe detector on a plus-shaped structure on a micro-focusing sample with a width of
0.5 µm. The beam size during this measurement was determined as 0.5 * 0.6 µm2.
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3.2.3 Stability measurements
The measurements on sections of artery walls described in this thesis can take up to
twelve hours. During this time the position of the beam relative to the position of the
sample has to be constant as well as its size. This was investigated with the same microfocusing sample as described in section 3.2.2. The beam is scanned over the cross-shaped
structure with the scan magnet using step sizes of 0.15 mm. The position of the proton
beam relative to the position of the cross-shaped structure is determined. This is then
repeated for 8 hours and about 770 beam profile measurements are performed.
A typical result of such a measurement is shown in figure 3.7 and figure 3.8. The
variation of the position in the horizontal direction is smaller than ± 0.5 mm, which is
acceptable with a beam dimension of 0.5 mm. The maximum variation in the vertical
direction was within about 0.3 mm (figure 3.7). The beam dimensions are also constant
(figure 3.8). The horizontal dimension varied between 0.5 and 0.7 mm and the vertical
direction varied between 0.6 and 0.7 mm. These variations could probably be reduced by
applying an improved data analysis procedure e.g. fitting the data.
These instabilities might be attributed to instabilities in the position of the sample
wheel, temperature differences, variations in the magnetic fields of the quadrupoles,
variations in the magnetic field of the scan magnet, tension in the concrete support, or
magnetic stray fields. At this moment the source of the variations of the relative position
is not identified. However, it should be noted that in the half hour after rotating the
sample wheel to a new position the relative movement can be up to several micrometers.
This effect was very reproducible. This can probably be attributed to an initial position
instability of the sample wheel after rotation.

3.3

Proton-beam techniques

The main goal of this thesis is to determine if calcium, phosphorus and trace-elements
accumulate in the intimal part of artery walls with lesions preceding artheromas. In
order to obtain information about the localization (micrometer-scale resolution) and the
concentration (g/g) a combination of proton beam techniques were applied on tissue
sections. The main constituents of soft tissue, also called matrix elements, are hydrogen,
carbon, nitrogen and oxygen. These elements can be measured with Backscattering (BS)
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a)

b)
Figure 3.7. Stability measurement as obtained from the relative position of the beam in the
horizontal direction (a) and the vertical direction (b) of the proton beam to the position of the
cross-shaped structure on the micro-focusing sample. For details see text.
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a)

b)
Figure 3.8. FWHM of the beam in the horizontal (a) and vertical direction (b) obtained during
the same stability measurement as in figure 3.7.
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and Forward Scattering (FS) Spectroscopy which will give the areal mass density (g/cm2)
of the sample in good approximation. Quantitative information about minor elements
such as phosphor, sulphur, chlorine, potassium, calcium and trace-elements such as iron,
copper and zinc can be obtained by Particle Induced X-ray Emission (PIXE). Analysis
of the energy spectra will give the areal mass density (g/cm2) of these elements. PIXE,
BS and FS are usually simultaneously applied. By combining their results the mass
concentration (g/g) of all the elements measured can be calculated. These techniques are
described below, but more elaborate descriptions can be found in Munnik4, Verhoef5
and Quaedackers6.

3.3.1 Particle Induced X-ray Emission
Quantitative analysis of elements such as phosphor, sulphur, chlorine, potassium, calcium
(minor elements) and iron, copper and zinc (trace-elements) can be performed with
Particle Induced X-ray Emission (PIXE). This technique is based on the measurement of
the energy of characteristic X-rays emitted from the sample during bombardment with
charged particles of a few MeV. The experiments described in this thesis were performed
with 3 MeV protons.
Inner shell electrons from atoms in a sample can be ejected during the bombardment
with high energy protons. The resulting vacancies are rapidly filled by electrons from
outer shells. The energy difference can be released by the emission of an X-ray photon
and its energy is element specific. The energy and the number of characteristic X-rays
emitted from the sample are measured to determine the areal mass density (g/cm2).
The PIXE yield of one of the X-ray lines is directly related to the concentration of the
corresponding element.

Y(Xz ) =

cz rs tN Av
W
N p s Zprod
E
e( E X Z )T ( E X Z )
(
)
,X
p
MZ
4p

Y (Xz)

yield (counts)

cZ

mass concentration of element Z (g/g)

(3.1)
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rs

density of the sample (g/cm3)

t

thickness of the sample (cm)

NAv

Avogadro constant (mol-1)

MZ

atomic mass of element Z (g/mol)

Np

number of impinging protons on the target

s Zprod
, X (E p )

production cross-section (cm2) of a specific X-ray, dependent on
the type of the impinging ion and its energy

W

solid angle of the X-ray detector (sr)

XZ

X-ray line of element Z, for instance Ka1

e( E X Z )

detector efficiency of X-rays with energy

T ( EX Z )

transmission probability of X-rays with energy
an absorber

EX Z
EX Z

through

The areal mass density (AZ) (g/cm2) of an element Z is given by:

AZ = cZ rs t

(3.2)

In order to calculate the areal mass density of an element the above parameters need
to be resolved. The yield is obtained during measurements. The number of impinging
protons can be derived from the cumulative charge. The solid angle of an X-ray detector
is determined with a reference standard (external calibration). The reference sample
consisted of a polycarbonate backing with a thin evaporated metal layer, composed
almost entirely of nickel. The other parameters can be found in or calculated with the
database made by Munnik4.
Examples of PIXE spectra are shown in figure 3.9 and figure 3.10 and belong to the same
measurement. The spectrum in figure 3.9 is measured with the ultra-LEGe detector with
an active area of 50 mm2. In the figure characteristic X-ray peaks are visibly superimposed
on a background. The major source of this continuous background is secondary electron
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bremsstrahlung. The pile-up of calcium (combined energy of two calcium X-rays) is
near the iron X-ray energy. In this spectrum the iron peak can not be resolved very well.
The second ultra-LEGe detector with an active area of 100 mm2 was used with a thicker
beryllium absorber to reduce the pile-up of calcium and still detect iron and zinc with a
high efficiency. The spectrum is shown in figure 3.10 in which the iron and zinc peaks
can be resolved. Note that the intensity of the X-ray peaks of phosphorous and calcium
are strongly reduced compared to the spectrum in figure 3.9.
Impinging protons lose energy as a function of the depth in the sample. As a result the
production cross section alters with the depth in the sample. Also, X-rays produced at a
certain depth in the sample are attenuated, on their way out, by the sample itself and are,
therefore, not all detected. These two effects are called thick target effects and may have
to be taken into account and corrective calculations may have to be applied to obtain
the correct concentrations.
Whether a sample is considered thin or thick depends on the matrix and on the elements
of interest. Generally, for X-rays with energies below 2 keV the absorption of X-rays is a
more important effect than the decrease in proton energy in the target. For X-rays with
higher energies the absorption in the sample is less important than the change in cross
section. In thin targets these effects can be neglected. In thick targets the protons are
completely stopped and lose all their energy. However, biomedical samples used in this
thesis can be considered as intermediate thick targets, i.e., samples in which the protons
lose energy but are not completely stopped. This means that, in this thesis, corrective
calculations (thick target corrections) are applied for all biological samples. An extensive
description of thick-target PIXE is given by Munnik4, 7. A typical example of the extent
of these corrections is displayed in figure 3.11. In this figure it can be seen that the thick
target corrections result up to about a 20 % correction for phosphorus concentrations
and up to about 5 % correction for calcium concentrations for the biological samples
described in this thesis. The X-rays from phosphorous have a lower energy than those
from calcium and are more attenuated by the sample. Thus, thick target corrections are
relatively more pronounced for phosphorous than for calcium.
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Figure 3.9. A PIXE spectrum obtained with an ultra-LEGe detector with an active area of 50 mm2
and beryllium absorber (23.7 ± 0.6 mg/cm2). All spectral data of each scan position in a 32 by 32
pixels scan pattern are accumulated in this spectrum.

Figure 3.10. A PIXE spectrum obtained with an ultra-LEGe detector with an active area of
100 mm2 and beryllium absorber (162 ± 4 mg/cm2). All spectral data of each scan position in a
32 by 32 pixels scan pattern are accumulated in this spectrum.
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Figure 3.11. The ratio of concentrations calculated with and without thick target corrections
(y‑axis) for respectively phosphorous and calcium plotted against the areal mass density of the
matrix of the sample (x-axis) for a typical measurement (32 by 32 pixels). The areal mass density
of the matrix is composed of the elements carbon, nitrogen, oxygen, hydrogen, phosphorous
and calcium and the thick target correction is based on the exact composition of the matrix per
position.

3.3.2 Backscattering and Forward Scattering Spectroscopy
The local areal mass density of the matrix elements can be determined by simultaneous
measurement of backscattered and forward scattered protons. The BS technique is
employed to determine C, N and O and the FS technique to determine the H content
in the sample.
The yield for element Z is proportional to the concentration of a matrix element Z
present in the sample.

Y=

cZ rs tN Av
N p sq , E W
P
MZ

Y

yield (counts)

cZ

mass concentration of element Z (g/g)

rs

density of the sample (g/cm3)

(3.3)
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t

sample thickness (cm)

NAv

Avogadro constant (mol-1)

MZ

atomic mass of element Z (g/mol)

NP

number of impinging protons on the target

sq , E
W

P

average differential cross section of element Z (cm2/sr) at proton
energy Ep,0 and an angle q with respect to the beam axis
solid angle of PIPS detectors (sr)

The solid angles of the PIPS detectors are determined with a reference standard (external
calibration), which is the same one as described in section 3.3.1.
The cross-sections for nuclear collisions, in which only Coulomb interactions play a
role during the collision of nuclei, are called Rutherford cross-sections. High energy
protons colliding with light nuclei (hydrogen, carbon, oxygen and nitrogen) penetrate
the Coulomb barrier of the target atom. The scattering of the proton is due to the
target’s nuclear potential and the effect of the nuclear forces for the scattering becomes
significant. In this case non-Rutherford cross-sections have to be used. In literature3
non-Rutherford cross-sections can be found for C, N and O at an angle of 147° and for
H at an angle of 45°.
The scattering spectra are shown in figure 3.12 and figure 3.13 and belong to the same
experiment. The hydrogen peak in the spectra of the forward scattered protons and the
carbon, nitrogen and oxygen in the spectra of the backward scattered protons can be
clearly distinguished. In case of a 3 MeV proton beam and limited energy loss of the
protons (maximum energy loss is 250 keV in the biological samples as displayed in
figure 3.14b) in the sample the cross-sections of carbon, nitrogen and oxygen are about
the same (maximum difference is 10 %). In the instance that the peaks can not be clearly
separated, only small errors are made in the calculation of the matrix composition. It
was estimated that this overlap was smaller than the uncertainty in the cross section for
proton scattering and thus has no major contribution in the uncertainty.
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Figure 3.12. A spectrum of backward scattered protons obtained with the use of a 3 MeV proton
beam and a PIPS detector at an angle of 147° with respect to the beam-axis. The yield is plotted
against the energy of the scattered protons. All spectral data of each scan position in a 32 * 32
scan pattern is accumulated in this spectrum. C, N and O refer to carbon, nitrogen and oxygen,
respectively.

Figure 3.13. A spectrum of forward scattered protons obtained with the use of a 3 MeV proton
beam and a PIPS detector at an angle of 45° with respect to the beam-axis. The yield is plotted
against the energy of the scattered protons. All spectral data of each scan position in a 32 * 32
scan pattern is accumulated in this spectrum. H, C, N and O refer to hydrogen, carbon, nitrogen
and carbon, respectively.
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3.3.3 Determination of element concentration
Soft tissue mainly consists of the elements hydrogen, carbon, nitrogen and oxygen.
This means that the areal mass density of these elements obtained from the forward and
backward scattered protons can be used to calculate the total areal mass density, also
called the sample matrix (g/cm2). The elements detected by PIXE in human or mouse
tissue usually have contributions of at most a few mass percent of the total areal mass
density. However, phosphorous and calcium can have a contribution of up to 20 % of
the total areal mass density, which can not be neglected and should be added to the
sample matrix. The PIXE results are also expressed as an areal mass density (g/cm2)
for each element. By dividing the PIXE areal mass density for e.g. phosphorous by the
sample matrix the concentration (g/g) of phosphorous can be obtained.

3.3.4 Scanning Transmission Ion Microscopy
The tissue samples investigated in the proton microprobe experiments described in this
thesis are non-stained sections dried in a cryomicrotome. Using Scanning Transmission
Ion Microscopy (STIM) an image of a part of a sample can be obtained which will give
structural information comparable with histological stained sections.
In an on-axis STIM experiment the energy of the protons after passage through the
sample is measured. The energy loss of the protons in the sample is dependent on the
areal mass density of the sample and its composition. A PIPS detector is placed behind
the sample at zero degree with respect to the beam axis. The total charge for a STIM
measurement is about 100 pC with a current of about 0.05 pA.
The STIM experiment will give structural information of the unstained biological
sample, which can be correlated with the adjacent stained section as shown in figure 3.14.
Similar structures can be seen, though small deviations in the location can be observed.
This could be explained by the fact that we are dealing with adjacent sections. Moreover,
differences in sample preparation could contribute as well: the unstained section is dried
in a cryomicrotome and the stained sections are stained in wet solutions, subsequently
air dried and covered with a top glass.
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a)

b)

Figure 3.14. (a) Light microscopy cross-section of a region of the aortic wall close to the aortic
valve of a LDL‑receptor deficient mouse fed a high fat diet, stained with haematoxylin and
eosin (340 x 340 μm2) (A: adventitia, Av: aortic valves, F: fibrous cap, I: intima, Lu: lumen, M:
media). An extensive lesion is visible in the wall of the aortic sinus with lipid accumulation and
macrophages. (b) STIM proton-energy loss distribution (keV) of an unstained adjacent section
(256 * 256 scan pattern; 340 x 340 μm2). The values in the column on the right hand side of the
picture are expressed as keV energy loss.

Figure 3.15. STIM proton-energy loss distribution (keV) of an unstained section of a mouse
aorta not affected by atherosclerosis (128 * 128 scan pattern; 160 x 160 μm2). The intima (I) is
composed of only endothelium. In the media (M) clear structures are present, which probably
correspond to elastine and collagen layers. The adventitia (A) is connective tissue being less dense
in structure. The values in the column on the right hand side of the picture are expressed as keV
energy loss.
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The STIM image in figure 3.14 shows a mouse aorta affected by atherosclerosis. The
intima is much thicker than the media and a fibrous cap can be distinguished. The STIM
image in figure 3.15 shows a mouse non-affected aorta. The intima is very thin. The
media can clearly be seen and the ribbon structures are probably elastine and collagen
fibers in the media. These findings indicate that atherosclerotic lesions in affected and
non-affected mouse aortas can be easily distinguished with STIM.
STIM experiments are usually performed prior to element analysis experiments, to
identify the exact measurement location on the sample. However, setting up a STIM
experiment means that a very small and stable beam current is necessary and this can
take up one to two hours to realize. STIM experiments itself take up 20 to 30 minutes.
Although STIM provides structural information with a high resolution it is not
performed routinely as it takes too much time setting it up prior to an element analysis
experiment. To resolve this, scans can be made with the proton microprobe using the
forward placed PIPS detector mounted at an angle of 45° with respect to the beam-axis
as this also provides positional information of the contours of the sample.

3.4

Electronics, data-acquisition system and analysis software

3.4.1 Data-acquisition
The hardware (i.e., quadrupoles, scan magnet, stepper motors of sample wheel) of the
proton microprobe setup is remotely controlled by the software program CEDAS.
The personal computer (PC) running the program communicates with the hardware
through the TU/e Data Acquisition and Control System (TUeDACS8). The sample
wheel is mounted on a translation and rotation stage, which can be moved with stepper
motors. The iterative procedure for focussing the beam (section 3.2.2) is included in the
software.
During the experiments the proton beam is scanned across the specimen via the
scan magnet. After setting up a scan pattern in CEDAS it initializes the hardware
controlling the scan magnet, which in turn runs autonomous. CEDAS also controls the
data-acquisition during the experiments. The Faraday cup is connected to a Keithley
electrometer that is capable of measuring the beam current down to the fA region or the
acquired charge in a pre-defined time-interval. The electrometer is connected to an IEEE
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interface in TUeDACS. Detector signals (after amplification and shaping) are digitized
by multi channel analyzers (analogue to digital converters or ADCs) in TUeDACS,
providing information about the measured energy.
The data are collected by the PC. Data are only collected when a signal is detected
by one of the detectors (PIPS or X-ray detector). The measured energy (i.e. recorded
channel) is collected and the corresponding position of the beam is obtained from the
hardware controlling the scan magnet. The PC in turn writes the data to a hard disk for
each detector separately. The data for each detector are stored in two series of binary files,
namely one for the channel values (corresponding to the measured energy) and one for
the positional information. Each file also contains information about the experiment,
namely sampling time, charge and used scan pattern. The measurement time for each
data file in the series is pre-defined, usually 10 or 20 seconds. This method of data
collection is called list mode, namely creating continuously new data files while the
experiment is running and new events are registered.

3.4.2 Data monitoring and data analysis
Monitoring
During the experiment the incoming data are monitored on-line using the software
program SOFI (sort and filter) that has been written by the author of this thesis and is
especially made for measurements of biological samples. Examples of screen captures
are displayed in figure 3.17 and figure 3.18. SOFI has the possibility to monitor
12 elements of 4 detectors on-line with a count rate of at least 3500 counts per second.
To accomplish this, all the incoming list mode data is sorted per detector, proton beam
position and energy channel (from the multi channel analyzer). This means that for each
proton beam position a total energy spectrum per detector is stored in the memory of
the personal computer (PC) for fast access.
Two modes are available. The first mode allocates PC memory for each scan magnet
position and all channels (4096) at once. This method generally can be used for scan
areas having up to 128 * 128 pixels with 4 detectors and results in a memory usage
of 1.1 Gb. When not enough PC memory is available the second mode can be used.
This only allocates memory for each channel that has recorded an event. The channels
without events are not allocated in memory. The advantage is that less memory has to
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be allocated, though more elaborated sorting has to be performed. This second mode is
especially suited for large scan areas and short measurement times. This generally can be
used for scan areas having 256 * 256 pixels or more and results in a memory usage of
about 50 to 200 Mb, depending on the contents of the sample and the total charge. The
spectra can be viewed on-line as a sum spectrum for each detector or a separate spectrum
for each scan magnet position.
In the spectrum markers can be set around a peak of a certain element. This creates
a spatial distribution of the number of X-rays (PIXE) or protons (FS/BS) detected in
each specific interval in the energy spectrum. Moreover, from the position of these
markers a simple linear background correction can be applied. The intensity of the yield
distribution is displayed in a colour scale. Concentration distributions can be obtained
in an offline analysis as described below in this section.
In case of a STIM experiment markers can be set at an energy interval in the forward
scattering spectrum. A separate marker is available to mark the channel of the energy
of the proton beam, i.e., the channel at which the protons did not lose energy. The
local energy loss expressed in keV can be calculated using a Chauvenet criterion, which
removes strong deviations from the group mean value, resulting in an image with less
noise than with plain average or median filtering. After each addition of new data files
spectra are created and filtered. The resulting distribution displays the energy loss of the
protons in a colour scale (figure 3.14, figure 3.15).

Data analysis
In order to determine the solid angles of each X-ray detector and for each PIPS detector
a calibration experiment is performed on the external reference standard. Such scans
are composed of 256 by 256 pixels and a 2 µm step-size beam is applied. The collected
cumulative charge per scan is generally between 0.6 and 1.4 µC and takes about 30
minutes to one hour. Care is taken that the scan area contains no holes or hotspots in the
nickel layer. When the experiment is completed a cumulative spectrum per detector can
be generated by SOFI, as only one spectrum is required to determine the solid angle. The
spectra are fitted using the computer program WINAXIL (Canberra Semiconductors)
and the solid angle of the X-ray detectors can be calculated using a Microsoft EXCEL
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workbook. For the particle detectors the solid angle is calculated in a similar way from
the nickel peak contents in the scattering spectra.
In case of experiments on biological samples the same detector settings as in the calibration
experiment are used. To obtain information of the composition of tissue high resolution
scans are made with a beam size between 0.5 * 0.5 µm2 and 0.9 * 0.9 µm2. The scans are
composed of 128 by 128 pixels and a step-size of 0.11 or 0.22 µm is used. These scans
can be later converted to an image of 32 by 32 pixels and a step-size of 0.44 or 0.88 µm.
This is done as there was a horizontal striping artefact seen in the yield distributions
(figure 3.18). At this moment the cause of this artefact is unknown and no solution is at
hand to prevent it. The binning of the data during the data-analysis eliminates this effect
in the concentration distributions.
The proton beam is scanned over the sample with a step frequency of 1 kHz. The current
is about 300 pA and the collected cumulative charge per scan is between 6 and 15 µC.
A high cumulative charge is required to acquire enough counts per position for carbon,
nitrogen, oxygen and the trace-elements.
During the off-line analysis SOFI (figure 3.19) sorts the data and generates a separate
spectrum for each proton beam position for each detector. In general, four detectors are
used simultaneously, namely two PIPS detectors and two X-ray detectors (see section
3.2.1). The local areal mass densities (g/cm2) of hydrogen, carbon, nitrogen and oxygen
are determined by SOFI from the peak contents in the forward and backward scattered
spectra (equation 3.4). In general, the samples were thin enough to resolve the peak
areas of carbon, nitrogen and oxygen.
The sorted X-ray spectra are fitted with a non-linear least-square regression algorithm
from the software program WINAXIL (Canberra Semiconductors) to determine net peak
contents for each element per position. The continuous background is approximated by
a smooth filter. The resulting peak contents can then be used in SOFI.
The areal mass density of phosphorous, sulphur, chlorine, potassium and calcium from
the PIXE results with thick target corrections are calculated with SOFI using the Paneut4
routine. This is done for each pixel in the scan pattern. The areal mass densities (g/cm2)
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Figure 3.16. Screen capture of the software program SOFI, showing its main window. This part
of the program is used for setting the parameters of the experiment needed for monitoring the
experiment. An X-ray spectrum is displayed, which is the sum of all the separate spectra for each
scan magnet position.
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Figure 3.17. Screen capture of the software program SOFI, showing its monitoring window. In
the main window (figure 3.17) the settings were set for twelve elements and these are displayed
in this picture. A mouse pointer can be used to extract the yield for all the elements at a specific
pixel localization.
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of the elements are calculated from the peak contents from the X-ray spectra, detector
solid angle, X-ray production cross-sections, collected charge, detection efficiency of Xray detector (1) and the transmission of the beryllium absorber (1) (equation 3.1).
Element concentrations expressed in μg/g dry weight are calculated by normalising
PIXE results with the sum of the areal mass densities of hydrogen, carbon, nitrogen
and oxygen, since these elements are the main constituents of the biological matrix.
Thick target corrections are based on the energy loss of the protons and attenuation of
X-rays in the sample. Since phosphorus and calcium concentrations can be in the order
of a few weight percent in calcifications the thick target effects cannot be neglected.
The initially determined local areal mass densities of phosphorus and calcium are
therefore added to the matrix resulting in new values of the stopping power and the Xray absorption correction factors and the areal mass densities are calculated again. This
procedure is repeated until the difference in concentration of phosphorus and calcium,
respectively, between two iteration steps are less than 1 %. This matrix is used for further
calculations.
The mass concentrations of iron and zinc are calculated with SOFI using also the
thick target PANEUT routine and the settings from the second X-ray detector (2) and
beryllium absorber (2).
The total off-line analysis will take up 30 to 45 minutes on a desktop equipped with a
2.66 Ghz processor and 2 Gb RAM.
The results of the analysis by SOFI are exported to text files, which can be opened
in a Microsoft EXCEL workbook. Detection limits are calculated per pixel from the
scan pattern. An elaborate description of detection limits is given by Quaedackers6. The
detection limit is a criterion based on the background in the spectrum. In case of zinc
there is no background and therefore this criterion can not be applied. Also per pixel
the fit error is compared to the total X-ray peak. If this fit error was larger than the
yield in the X-ray peak the yield is vetoed. As an example average detection limits for a
separate pixel in a scan of 32 by 32 pixels and a charge of 30 10-2 mC/pixel are given in
table 3.1.
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Figure 3.18. Flowchart of the off-line data analysis of the software program SOFI. WINAXIL is
a separate program for fitting X-ray spectra. Concentrations are calculated with the PANEUT
routine. Details are explained in the text.
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The uncertainties in the concentrations are calculated per pixel. The uncertainties in
the X-ray production cross-section are 7 %4. The uncertainty in the proton scattering
cross sections are 5 %. The uncertainty in the solid angle is 7 %, mainly due to the cross
sections for nickel in the calibration sample. The other uncertainties are displayed in
table 3.2 and these are specific for each element. These are relative uncertainties. The
uncertainties in the yield and concentration are an average of all the pixels (1024) of
a typical experiment. On the average the uncertainty in the areal mass density of the
sample matrix is 5 %. Error propagation in thick target corrections can be found in
Munnik et al.7. The uncertainties for e.g. phosphorous are mainly dependent on the
X-ray production cross-section, but for the trace-elements the largest uncertainty stems
from the yield.
Table 3.1. Average mass fractions and average detection limits for a separate pixel in a scan
area of a proton microprobe experiment of a human atherosclerotic artery containing microcalcifications (scan of 32 by 32 pixels and a charge of 30 10-2 mC/pixel).

element
P
S
Cl
K
Ca
Fe
Zn

mass fraction (mg/g)
7 103
5 103
5 103
3 103
8 103
4 101
6 101

detection limit (mg/g)
8 101
5 101
4 101
4 101
4 101
7
5

Table 3.2. Relative uncertainties (srel) in the detector efficiency (e), transmission probability
(T), yield (Y) and mass concentration (c) for a separate pixel of a typical proton microprobe
experiment (same experiment as in table 3.1) of a human atherosclerotic artery containing
micro-calcifications.

element
P
S
Cl
K
Ca
Fe
Zn
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srel,e

srel,T
3 10
2 10-2
1 10-2
7 10-3
5 10-3
9 10-4
4 10-4
-2

srel,Y

4 10
3 10-2
2 10-2
8 10-3
6 10-3
2 10-2
7 10-3
-2

srel,c

1 10
1 10-2
1 10-2
1 10-2
1 10-2
2 10-1
2 10-1
-2

1 10-1
1 10-1
1 10-1
1 10-1
1 10-1
2 10-1
2 10-1
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Abstract
The current paradigm reads that calcifications characterize the advanced and complex
lesions in the atherosclerotic process. To explore the possibility that coronary artery
wall calcifications commence already at an early stage of atherosclerosis a combination
of proton-beam techniques with a (sub-) micrometer resolution, i.e., micro-Proton
Induced X-ray Emission, Backward and Forward Scattering Spectroscopy, were applied
on human coronary arteries with lesions preceding overt atheromas.���������������
��������������
The detection
limits of phosphorus and calcium in each separate pixel, 0.88 * 0.88 μm2 in size, were
approximately 150 and 80 µg/g dry weight, respectively. Calcium distributions of entire
coronary artery cross-section were obtained and calcifications were demonstrated at a
pre-atheroma stage of the atherosclerotic process. The size of the micro-calcifications
varied between 1 and 10 µm. The composition of the micro-calcifications was deduced
from the calcium-to-phosphorus ratio. In order to quantify this ratio the thickness of
the specific X-ray absorber used for PIXE had to be accurately determined. Also, thick
target PIXE calculations were performed and the method was validated. The calciumto-phosphorus ratios of the micro-calcifications were assessed with good accuracy and
varied from 1.62 to 2.79, which corresponds with amorphous calcium phosphate.
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4.1

Introduction

Atherosclerosis is a progressive inflammatory vascular disease affecting large and medium
sized arteries. The atherogenic process silently starts in early childhood and becomes
clinically evident in later life, mostly from the fifth decade.
The fundamental pathology of an atherosclerotic lesion is the focal accumulation of lipid
material originating from low-density lipoproteins in the intimal layer of the arteries. A
lesion consisting of both a confluent core of extracellular lipid particles, macrophages
and foam cells is called an atheroma (AHA classification Type IV)1. Large calcified
deposits of the intimal lesions are a prominent feature of advanced atherosclerosis and
contribute to the loss of vessel wall elasticity. In advanced lesions the mineral deposits
are in the form of lumps and plates, measuring hundreds of microns, mostly within a
core of extracellular lipid2. The degree of these calcifications (size and quantity) in the
coronary arteries correlates highly with the severity of coronary plaque burden and,
hence, is associated with increased cardiovascular risk3.
According to the present paradigm the initial calcium deposits only start to appear when
an atheroma has formed as observed with optical microscopy on sections of human
coronary arteries. In atheromas, small intracellular calcium granules (5 to 10 µm) have
been observed in some smooth muscle cells, as these cells were trapped in the lipid
cores of lesions2. Also extracellular calcified granules were observed among small lipid
droplets and vesicular remnants of dead cells in the lipid core of a lesion. The diffusely
scattered extracellular calcium granules frequently formed aggregates4. However in
lesions preceding atheromas calcifications are rarely observed with optical microscopy.
Histological staining methods, which are used to visualize calcifications in tissue (such
as von Kossa stain5 or Toluidine blue and Basic Fuchsin stain2), may not be sensitive
enough to detect smaller and more finely distributed calcium granules.
Chemical bulk analysis of the mineral part of human aortas with advanced atherosclerotic
lesions showed that the average mass ratio of calcium to phosphorus is close to the ratio of
hydroxyapatite (Ca/P mass ratio 2.16), which is the main constituent of bone tissue6. In
contrast, others found lower ratios of calcium to phosphorus in atherosclerotic plaques7.
Precursors like dicalcium phosphate dehydrate (Ca/P mass ratio 1.29), octacalcium
phosphate (Ca/P mass ratio 1.72) or Mg-substituted tricalcium
��������������������������������
phosphate (����������
Ca/P mass
8
ratio 1.94��������������������
) have been reported .
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Active regulation of the rate of calcification in well developed atheromas as part of the
process of atherosclerosis has been convincingly established5, 9. However, information
on the presence and biological significance of calcifications during the onset of
atherosclerosis is virtually lacking. The same holds for data on the distribution and
chemical composition of micrometer-size calcifications at a pre-atheroma stage of
the atherosclerotic process. As indicated above, most information on atherosclerotic
calcifications deal with advanced intimal lesions and chemical analyses were mainly
performed on larger, solid crystals6, 7, 10.
In recent years advanced biophysical techniques have been developed and applied to
investigate the deposition of calcium-rich material in atherosclerotic lesions (see for
review: Higgins et al11). The majority of studies applying these techniques were focussing
on the presence of calcium deposits in advanced atherosclerotic lesions, in particular
instable plaques12, 13, 14. Hence no information was obtained about micro-calcifications
in early stages of the atherosclerotic process.
The main aim of the study was to develop a method to obtain directly the distribution of
calcifications in entire cross-sections of human coronary arteries with lesions preceding
artheromas. Sub-aims were to obtain information on the size of the early calcifications,
if any, and to estimate their calcium-to-phosphorus ratio. The latter will provide
information on the chemical composition of the calcium phosphate deposition. To this
end, a combination of proton-beam techniques with a (sub-) micrometer resolution was
simultaneously applied on tissue sections of human coronary arteries, i.e., micro-Proton
Induced X-ray Emission (PIXE), Backscattering (BS) and Forward Scattering (FS)
Spectroscopy15. With these techniques the composition of the chemical elements in the
tissue section can be assessed with an absolute specificity, a high sensitivity (microgram
per gram dry weight concentration levels), and (sub-) micrometer resolution. In order
to quantify the calcium-to-phosphorus ratio a specific X-ray absorber used for PIXE
was gauged with a reference sample. The uncertainty of the obtainable calcium-tophosphorus ratio has to be smaller than 10 % to allow for differentiation between
the distinct types of proposed calcium phosphate depositions (see above). Inside the
sample, protons can lose their energy and X-rays can be attenuated. These two effects
influence the estimated values of the calcium-to-phosphorus ratio and, hence, corrective
calculations were validated.
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4.2

Experimental section

Instrumentation. Measurements were performed with a 3 MeV proton beam accelerated
with the 3.5 MV SingletronTM 16 (High Voltage Engineering Europe B.V., Amersfoort,
the Netherlands) at the Eindhoven University of Technology. The proton accelerator
is connected to a microprobe setup consisting of an adjustable object and aperture
diaphragm and four magnetic quadrupole lenses to focus the beam on a target17. By
means of a computer-controlled scan magnet the focussed proton beam can be scanned
over an area of the sample (maximal range 1200 µm, minimum step size 70 nm, step
frequency 1 kHz). Samples can be positioned in a computer-controlled sample wheel,
which is positioned inside the vacuum chamber. The vacuum chamber is equipped with
detectors for BS, FS and PIXE. A Faraday cup at the end of the microprobe setup
measures the collected charge.
Backward and forward scattered protons (BS and FS, respectively) were detected with
Passivated Implanted Planar Silicon detectors (PIPS, Canberra Semiconductors). The
backward placed PIPS detector was mounted at a fixed angle of 147° with respect to the
beam-axis (solid angle 12.9 ± 0.7 msr) for the detection of carbon, nitrogen and oxygen.
The forward placed PIPS detector was mounted at an angle of 45° with respect to the
beam-axis (solid angle 8.4 ± 0.4 msr) for the detection of hydrogen.
An ultralow-energy germanium������������������������������������������������
detector
�����������������������������������������������
(ultra-LEGe, Canberra Semiconductors)
with a 50 mm2 surface area and a ���������������������������������������������������
lithium-drifted silicon ���������������������������
detector (Si(Li), Canberra
Semiconductors) with a 30 mm2 surface were positioned at 135° with respect to the
beam-axis for the detection of characteristic X-rays (PIXE) corresponding to, for
instance, phosphorus, potassium and calcium. Manufacturer specifications were taken
for the ultra-LEGe detector and in case of the Si(Li) detector specifications were taken as
determined previously18. A beryllium absorber was placed in front of the X-ray detector,
preventing the entry of backscattered protons into the X-ray detector and reducing pileup, i.e., two X-rays entering the detector at about the same time. The transmission of the
X-ray absorber is directly related to its thickness and is dependent on the X-ray energy.
The exact thickness of this beryllium absorber was determined with the use of a thin
target reference sample (discussed later).
Data Analysis. The analysis was performed as a sum spectrum in case of a reference
sample or in pixel by pixel mode for the biomedical samples. For the latter mode a
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128 by 128 scan pattern was used. ��������������������������������������������������
The data was binned to 32 by 32,������������������
after which 1024
spectra had to be fitted separately for each measurement. The local areal mass densities
(mg/cm2) of hydrogen, carbon, nitrogen and oxygen were calculated from the peak
contents in the forward and backward scattered spectra, detector solid angle, nonRutherford cross-sections and the collected charge. The PIXE spectra were fitted with
a non-linear least-squares regression algorithm from the software program WinAxil
(Canberra Semiconductors) to determine the net peak area of phosphorus and calcium.
The local areal mass densities (mg/cm2) of phosphorus and calcium were calculated from
the peak contents from the X-ray spectra, detector solid angle, X-ray production crosssections, collected charge, detection
������������������������������������������������������������
efficiency of X-ray detector and the transmission
of the beryllium
�����������������������������������������������������������������������������
absorber. Element concentrations expressed in μg/g dry weight were
calculated by normalising PIXE results with the sum of the local areal mass densities
of hydrogen, carbon, nitrogen and oxygen, since these elements mainly represent the
matrix composition of the tissue.
Impinging protons lose energy as a function of the depth in the sample. As a result
the ionization cross section alters with the depth in the sample. Also, X-rays produced
at a certain depth in the sample are attenuated, on their way out, by the sample itself�
and are, therefore, not all detected. These two thick target effects had to be taken into
account and corrective calculations were needed to obtain calcium-to-phosphorus ratios
in absolute terms18. In thin targets these effects can be neglected. In thick targets the
protons are completely stopped and lose all their energy. However, biomedical samples
used in our study can be considered as intermediate thick targets18, 19, i.e., samples in
which the protons lose energy but are not completely stopped.
Thick target corrections are only based on the interaction of the protons and X-rays with
the matrix elements of the tissue. Since phosphorus and calcium concentrations can be
in the order of a few weight percent in calcifications the influence of these elements on
the energy loss of the impinging protons and X-ray absorption cannot be neglected.
The initially determined local areal mass densities of phosphorus and calcium were
therefore added to the matrix resulting in new values of the stopping power and the
X-ray absorption correction factors. This procedure was repeated until the difference in
concentration of phosphorus and calcium, respectively, between two iteration steps was
less than 1 %.
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Reference Samples. Methods for
��������������������������������������������������������
the determination of the thickness of the beryllium
absorber��������������������������������������������������������������������������
such as weighing the absorber and assessing its surface area or using an
external X-ray source give large uncertainties. Using �����������������������������
reference samples results in
smaller uncertainties and has the additional advantage of being able to apply the same
experimental procedures for the reference and biological samples under investigation.
Two types of reference samples were used in two separate experiments. A thin target
reference sample was applied for the determination of the thickness, i.e., transmission,
of the beryllium absorber used for PIXE, in order to quantify the calcium-to-phosphorus
ratio in absolute terms. Both intermediate thick target and thick target reference samples
were used for the validation of the thick target corrections on the calcium-to-phosphorus
ratio.
The reference sample of choice would have been hydroxyapatite (��
Ca10(PO4)6(OH)2,�
Ca/P mass ratio 2.157) �������������������������������������������������������������
as it is indicated to be present in advanced atherosclerotic
6
lesions . Though, hydroxyapatite dissolves minimally in water and, hence, thin target or
intermediate thick target reference samples are difficult to make. Instead KH2PO4 (K/P
mass ratio 1.262)���������������������������������������������������
was chosen as it dissolves well in water and the Ka‑X‑ray energy of
potassium is next to that of calcium. Thick target reference samples were made of either
KH2PO4 or hydroxyapatite.
Preparation of Reference Samples. Poly (ethylene glycol) (PEG) was used as an
embedding medium as it can be sectioned in a microtome at thicknesses comparable
to biomedical sections20. A solution was prepared consisting of 18 % (w/v) PEG (M.W.
18500, Polyscience, No. 44686) and 2 % (w/v) KH2PO4 (Merck, No. 4873, purity
> 99 %; our measurements showed only negligible presence of contaminating elements
in PEG). The PEG‑salt mixture in a plastic cup was frozen in isopentane chilled by
liquid nitrogen. Sections were cut at ‑20°C in a cryostat microtome using Teflon coated
disposable knifes at a thickness of 1 µm in order to obtain thin targets. Sections were
cut at thicknesses ranging from 3 to 60 µm to create intermediate thick targets. These
sections were collected on thin Pioloform (Agar Scientific Ltd.) films (thickness 100 ± 10
nm) covering a 12 mm hole in a plastic sheet, which can be clasped in a regular slide
mount to fit into the target wheel inside the vacuum chamber. After freeze-drying a
10 % (w/w) KH2PO4 in PEG reference sample was obtained with a K/P
������������������
��������������
mass ratio of
1.262 (chemical formula) and a phosphorus concentration of 0.0228 ± 0.0001 w/w and
potassium concentration of 0.0287 ± 0.0002 w/w.
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Moreover, a KH2PO4 (Merck, No. 4873) thick target and two different hydroxyapatite
thick targets were prepared, one from NIST (Standard Reference Material 2910) and
one from Biorad (DNA Grade Bio-Gel HTP). The powders were pressed into pellets
with a thickness of 1‑2 mm to produce thick targets in which 3 MeV protons are known
to lose all their energy.
Tissue Collection and Preparation. Human coronary arteries were collected from
autopsy material (Department of Pathology, Academic Hospital Maastricht) from six
adult persons aged between 47 and 86 years, who died from non-cardiac causes (patients
A through F). Collection was approved by the Maastricht Pathology Tissue Collectionand patient-committee. The specimens were not fixed, but directly placed in Tissue Tek
and rapidly frozen in liquid nitrogen. Cryosections were cut at a thickness of 5 μm in
a cryostat microtome using Teflon coated disposable knifes and subsequently collected
on Pioloform (Agar Scientific Ltd.) films (thickness 100 ± 10 nm) for PIXE analysis.
Adjacent sections were collected on glass slides for haematoxylin and eosin (H&E),
Oil red O, ASMA and CD68 staining5 for lesion morphology. These stained sections
were classified according to the classification proposed by Stary for the American Heart
Association (AHA)1 by an expert in the field.

4.3

Results and Discussion

4.3.1 Gauging of X-ray absorber
The thickness, i.e., transmission, of the beryllium absorber used for PIXE was
determined in order to quantify the calcium-to-phosphorus ratio in absolute terms.
Twelve measurements were performed on a thin target KH2PO4 reference sample with
a Si(Li) detector and with an ultra‑LEGe detector to determine the absorber thickness
independent of the detector used. Dry areal mass thicknesses of the nominally 1 µm
thick sections ranged from 0.029 to 0.081 mg/cm2 with an average of 0.051 mg/cm2.
The beryllium absorber thickness was calculated using the ratio (chemical formula) of
potassium to phosphorus in the thin target reference sample (KH2PO4). The uncertainty
in the absorber thickness was calculated from the uncertainties in peak contents from
the X-ray spectra, X-ray production cross-sections and ���������������������������������
detector efficiency of the X-ray
detector. The
���������������������������������������������������������������������������
values obtained for the beryllium absorber thickness were combined and
a weighted average was calculated, yielding a value of 23.7 ± 0.6 mg/cm2, which was
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used in further calculations. This value contributed to an uncertainty of 3 % in the
calculation of the calcium-to-phosphorus ratio19.

4.3.2 Validation of corrections for thick target effects
Biomedical samples under investigation cannot be considered as “thin” targets in case
of elevated levels of calcium and phosphorus at the site of calcification. Therefore, thick
target corrections were evaluated with the use of intermediate thick target reference
sections (KH2PO4) and thick target reference samples (KH2PO4 and Ca10(PO4)6(OH)2
pellets, respectively). The PIXE measurements of these samples were performed with the
ultra‑LEGe detector. The initial matrix composition and thickness were calculated from
the areal mass densities of hydrogen, carbon and oxygen. The local areal mass densities
of phosphorus and potassium were determined from PIXE and added to the initial
matrix composition. The thick target analysis was then repeated until the difference in
concentration of phosphorus and potassium, respectively, between two iteration steps
was less than 1 %. For the analysis of the thick targets a matrix was used based on the
chemical formula of KH2PO4 or Ca10(PO4)6(OH)2.
The results of the calculated potassium-to-phosphorus ratio of the intermediate thick
target (KH2PO4 in PEG reference sample) and thick target (KH2PO4 pellet) are shown
in figure 4.1. The ratios of calcium-to-phosphorus obtained from the measurements on
the thick target hydroxyapatite standards are shown in figure 4.2. Uncertainties in the
potassium-to-phosphorus and calcium-to-phosphorus ratios were calculated from the
uncertainties in peak contents from the X‑ray spectra and the uncertainty in the thickness
of the beryllium absorber. The potassium-to-phosphorus ratios are well in the range of
the expected value, independent of the areal mass density. Some systematic deviation
can be seen in the measured calcium‑to‑phosphorus ratios. A likely explanation is that
the uncertainties were underestimated since no error propagation in the thick target
correction was performed.

4.3.3 Analysis of human coronary arteries
To explore the presence of calcifications in the intimal layer of the arterial wall at a preatheroma stage of atherosclerosis measurements with the proton beam were performed
on human coronary arteries with minor lesions. This objective required that consecutive
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Figure 4�������������������������������������������������������������
��������������������������������������������������������������
.������������������������������������������������������������
1�����������������������������������������������������������
. ���������������������������������������������������������
Potassium/phosphorus (K/P) mass ratios obtained from a KH2PO4 in PEG
reference sample from which different intermediate thick targets were made. The last two
points in the graph correspond to a thick target (marked with ‘¥’), namely a KH2PO4 pellet.
The K/P mass ratio of the chemical formula of KH2PO4 (i.e., 1.262) is displayed as a horizontal
line.

Figure 4�������������������������������������������������������������������������������
��������������������������������������������������������������������������������
.������������������������������������������������������������������������������
2. Calcium/phosphorus (Ca/P) ratios obtained from hydroxyapatite thick target
reference samples. Measurements B1 and B2 were performed on a Biorad hydroxyapatite pellet.
The other measurements (N1 to N4) were performed on a NIST hydroxyapatite pellet. The Ca/P
mass ratio expected from the chemical formula of hydroxyapatite (i.e., 2.157) is displayed as a
horizontal line.
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scans were made that cover the whole cross section of a coronary artery wall to obtain an
overview of the calcium distribution in the entire artery wall.
An example of a typical section of a human coronary artery with a preatheromatous
lesion, classified as type III based on the H&E-staining, is displayed in �������������
figure 4.3���
a.
Small pools of extracellular lipid and foam cells were present, but no necrotic areas
and confluent lipid cores were observed, indicating that the lesion was still in the preatheroma stage1. A total of 29 consecutive scans were made with the proton microprobe
to cover the whole coronary artery wall. The ultra-LEGe detector was used for these
measurements. The proton beam size was about 3 * 3 µm2. Each separate scan was
composed of 256 by 256 pixels and a 2 µm step-size of the proton beam was applied. The
current was about 1300 pA and the collected cumulative charge per separate scan was
between 0.3 and 0.4 µC. The distribution of the hydrogen yield was used to delineate
the artery wall (������������������������������������������������������������������������
figure 4.3��������������������������������������������������������������
b). Figure
����������������������������������������������������������
4.4������������������������������������������������
a shows the corresponding calcium distribution,
clearly indicating the presence of micro-calcifications in the affected intimal layer.
Magnifications are shown in figure
����������������������������������������������������������
4.4������������������������������������������������
b and figure
������������������������������������������
4.4��������������������������������
c. From the H&E staining it was
concluded that the calcifications were in the abluminal part of the intimal layer of the
coronary artery wall.
Other standard histological staining methods used for visualizing micro-calcifications in
tissue may not be sensitive enough to detect these smaller and more finely distributed

a)

b)

Figure 4.3. (a) Coronary artery wall (patient B) stained with haematoxylin and eosin (H&E).
The staining indicates a pre-atheromatous lesion (Type III lesion) containing small lipid droplets
and foam cells; no necrotic areas or confluent lipid cores could be observed. (b) The hydrogen
distribution, as acquired with the proton microprobe, delineates the artery wall (2.8 mm by
2.9 mm). For details see text.
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a)

b)

c)

Figure 4.4. (a) Calcium distribution in the intima of a coronary artery (same tissue slice subjected
to PIXE as shown in figure 4.3b). Micrometer-sized calcifications can be observed in the
abluminal part of the intima. (b) A magnified part (marked area in a) of the calcium distribution
is displayed (630 µm by 977 µm). (c) Calcium distribution of a magnified area (marked area in
b) in the abluminal part of the intima (64 µm by 64 µm, beam size 0.9 * 0.9 µm2). More details
of the marked area are shown in figure 4.5 and discussed in the text.
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calcium granules. The von Kossa staining, a standard histochemical method to identify
calcifications5, does not react with calcium, but reacts with phosphate in the presence
of acidic material. This does not directly imply the presence of calcium21. The von
Kossa staining also lacks sensitivity due the presence of a large background signal.
Moreover, other histological staining methods are not specific for the identification of
calcifications.
To obtain information of the chemical composition of the calcium precipitate, in
particular the calcium-to-phosphorus ratio, high-resolution scans were made with a
beam size of 0.9 * 0.9 µm2. The scans were composed of a 128 by 128 scan pattern and
scan area of 28 µm by 28 µm. The
��������������������������������������������������������
data was binned to 32 by 32 ������������������������
pixels. The current was
about 340 pA and the collected cumulative charge per scan was between 6 and 15 µC.
resulting in a measurement time per scan of 5 ‑ 12 hours. A high cumulative charge was
required to obtain accurate values for hydrogen, carbon, nitrogen and oxygen, which
were needed for the thick target correction. From these scans pixel-by-pixel concentration
values were calculated. The limit of detection of each separate pixel for phosphorus and
calcium was approximately 150 and 80 µg/g dry weight, respectively. During and after
the measurement loss of hydrogen and oxygen could be observed but the effect was
smaller than the calculated errors in the element concentrations.
To differentiate the calcifications from the surrounding tissue a total of seven scans
were performed on 3 different sections of human coronary arteries from patient A with
the lowest degree of lesions (type I lesion). These artery walls did not show any lipid
droplets. Micro-calcifications were also not observed. The average calcium concentration
value was (4 ± 2) 102 µg/g and the calcium-to-phosphorus mass ratio was 0.14 ± 0.09,
which corresponds to previous findings�����������������������������
����������������������������
in healthy myocardial tissue22. These values were
used to define a criterion, namely the average value plus three standard deviations, for
both the calcium concentration and the calcium-to-phosphorus mass ratio. A pixel was
categorized as belonging to a calcification if it had a concentration value and calcium-tophosphorus mass ratio larger than defined in the criterion. It should be kept in mind that
the proton microprobe techniques can not differentiate between intra- and extracellular
concentrations and, hence, the values obtained are a combination of both.
A typical scan of an area in a human coronary artery (type III lesion) containing microcalcifications is shown in ������������������������������������������������������������
figure 4.5��������������������������������������������������
. A PIXE spectrum corresponding to a pixel with a
high calcium and phosphorus concentration is displayed in figure
���������������������������
4.6�����������������
. The areal mass
107

Chapter 4

Phosphorous			

Calcium

Carbon				

Sulphur

Figure 4.5. Concentration distributions of phosphorus, calcium, carbon and sulphur, respectively,
in the area marked in figure 4.4c (scan size: 28 µm by 28 µm). Values in the column at the right
hand sides of the pictures are expressed as µg/g dry weight.

Figure 4.6. A PIXE X-ray spectrum (black) corresponding to a pixel from figure 4.5 with a high
calcium and phosphorus concentration and one spectrum (gray) corresponding to a pixel with a
relatively low calcium and phosphorus concentration.
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thickness was between 0.2 and 1.3 mg/cm2 with an average of 0.9 ± 0.2 mg/cm2. It
should be noted that this range was also covered by the set of intermediate thick target
reference sample (����������������������������������������������������������������
figure 4.1������������������������������������������������������
). High concentrations of both phosphorus and calcium
can be observed in corresponding pixels, which also matches to lower concentrations of
carbon, representing tissue matrix, and sulphur, representing tissue protein.
The chemical composition of the micro-calcifications can be deduced from the calciumto-phosphorus ratio. However, each pixel in the scan area has a phosphorus and calcium
component belonging to the tissue and a component belonging to the calcification,
because the proton microprobe can not differentiate between these components. To
obtain the calcium-to-phosphorus ratio of a calcification the calcium and phosphorus
concentrations of pixels belonging to the micro-calcification were represented in a scatter
plot. The slope of a linear fit through the calcium and phosphorus concentrations in the
scatter plot above the values of the earlier mentioned criterion provides a reliable value
of the calcium-to-phosphorus mass ratio of the micro-calcification (see figure
�����������������
4.7�������
for a
typical example).
In total twenty-two separate scans were performed on areas containing microcalcifications in coronary artery tissue sections obtained from patients B through F.
The calcium-to-phosphorus ratios were determined from the slopes in the scatter plots.
Since the values found were representing more and less a continuum between 1.62 and

Figure 4.7. Scatter plot of calcium and phosphorus concentrations of only those pixels belonging
to the calcification displayed in figure 4.5, which are 996 points from the total of 1024 points
(scan of 32 * 32 pixels). A linear fit through these points has a slope, i.e., calcium-to-phosphorus
mass ratio, of 2.18 ± 0.07.
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2.79 (������������������������������������������������������������������������������������
figure 4.8��������������������������������������������������������������������������
), in stead of clustering around the values belonging to distinct calcium
phosphate compounds (hydroxyapatite, dicalcium phosphate dehydrate, octacalcium
phosphate and Mg-substituted tricalcium phosphate, respectively) the present findings
suggest that the micro-calcifications consist of amorphous calcium phosphate8, 10.
However, it can not be excluded that the hotspots consist of a mixture distinct calciumphosphate compounds. In the present study, the size of a calcification was determined
by selecting pixels that contain calcium concentrations above half of the maximum
concentration in the scan area. This resulted in sizes between 1 and 10 µm.
Schmid et al.6, who performed chemical bulk analysis of the mineral component of
human aortas with advanced atherosclerotic lesions, observed a calcium-to-phosphorus
ratio of 2.16. These values were indifferent of the size����������������������������������
of
���������������������������������
the calcifications. Moreover,
the surface and interior of the mineral deposit had the same chemical composition as
observed with electron probe analysis. In contrast, Tomazic10 reported that the actual
calcium-to-phosphorus mass ratio depends on the morphology of the calcification,
namely 2.01 for smooth spherical particles, 2.17 for irregular particles and 2.31 for a

Figure 4.8. Twenty-two calcium-to-phosphorus ratios obtained in coronary artery sections from
patients B through F were arranged in ascending order. Possible types of calcium phosphate
crystals are indicated as a horizontal line (octacalcium phosphate [OCP, Ca/P mass ratio 1.72],
Mg-substituted tricalcium phosphate [TCMP, Ca/P mass ratio 1.94], hydroxyapatite [HAP, Ca/
P mass ratio 2.16]) or as a grey area (calcium-deficient apatite [Ca-def AP, Ca/P mass ratio
2.08 to 2.13], carbonate apatite [carbonate AP, Ca/P mass ratio 2.20 to 2.97]). The range of
amorphous calcium phosphate [Ca/P mass ratio 1.55 to 3.23] is displayed as a gray column on
the right side.
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plate-like type. Electron microprobe analysis of calcified human aortas with large calcified
areas studied by Becker et al.7, however, indicated an average calcium-to-phosphorus
mass ratio of 1.81. It should be kept in mind that, in general, the above mentioned
studies were performed on massive calcified areas in the atherosclerotic artery wall. Bulk
techniques were used and no conclusion could be drawn as to the size and localisation
of the accumulations. An electron microscopy study of human aortas and carotid
arteries by Bobryshev23 revealed that in areas around the necrotic core in atherosclerotic
plaques chrondrocyte-like cells with membrane-bound vesicles (size of 0.1 to 0.5 µm)
are present. Some of these vesicles were calcified as observed with electron microprobe
(calcium-to-phosphorus mass ratio reported was 2.12 ± 0.18).
The present findings indicate that in pre-atheroma stages of atherosclerosis (type II
and III lesions) calcium phosphate deposition occurs in human coronary arteries at
a micrometer scale with calcium-to-phosphorus ratios varying from 1.62 to 2.79,
spanning the whole range of ratios published for amorphous calcium phosphate. A
possible explanation for the differences in calcium-phosphorus ratios observed by others
in atherosclerotic lesions may be a shift in chemical composition of calcium phosphate
depositions during progression of atherosclerosis.

4.4

Conclusions

Most information on atherosclerotic calcifications deals with advanced intimal lesions.
Data about the distribution and composition of micrometer-size calcifications at a preatheroma stage of the atherosclerotic process are scarce. With the use of a combination of
proton beam techniques with a (sub)micrometer resolution, i.e., micro-Proton Induced
X-ray Emission, Backward and Forward Scattering Spectroscopy, calcifications at a preatheroma stage of the atherosclerotic process could be demonstrated. The composition of
the micro-calcifications, namely the calcium-to-phosphorus ratio, could also be assessed
with good accuracy and the range of values obtained corresponds to that of amorphous
calcium phosphate. The present findings infer that the formation of calcium phosphate
granules is an early event in the atherosclerotic process. One may speculate whether the
early calcifications act as a trigger for subsequent cell damage, inflammation and lipid
deposition leading to overt atheromas. In this respect it is of note that small calcified
particles are ingestible by macrophages and subsequently elicit a pro-inflammatory
response, including TNFa secretion24. The observations of Tintut and colleagues25, that
111

Chapter 4

TNFa, in turn, stimulates vascular smooth muscle cells to calcify, may infer that in vivo
micro-calcifications in the early stages of atherosclerosis may promote a vicious cycle of
calcium precipitation and inflammation.
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Abstract
The present study focuses on micro-calcifications in the early stages of atherosclerosis.
Samples of the coronary artery wall containing type I to VII atherosclerotic lesions
from patients who died from non-cardiac causes were the subject of investigation.
The content of calcium and other relevant elements such as iron and zinc in tissue
were determined with the proton microprobe. Calcium deposits at a (sub)micrometer
scale were observed in the thickened intima already in early pre-atheromatous stages of
atherosclerosis (type II lesions), predominantly in the abluminal region of the intima.
The occurrence of micro-calcifications increased in more severe stages of atherosclerosis.
In type VII lesions big lumps of calcified material were easily observed. The composition
of the micro-calcifications, i.e. the calcium-to-phosphorus mass ratio, displayed a range
of values (1.62 to 2.99), strongly suggesting that the micro-calcifications consisted of
amorphous calcium-phosphate crystals rather that hydroxyapatite. The majority of the
calcifications (69 %) showed co-localisation with iron and zinc. This finding might
imply a pathogenic relationship between calcium precipitation on the one hand and
iron and zinc on the other. The underlying mechanism of this relationship is, however,
not well understood.
The involvement of proteins during the calcification process was studied with
immunohistochemistry. The occurrence of micro-calcifications preceded the expression
of proteins actively involved in bone formation such as Matrix Gla Protein. Increased
expression of Bone morphogenetic protein‑2 and Osteocalcin could only be observed
in advanced stages of atherosclerosis when an atheroma had formed. The same holds
for Core binding factor‑a1, showing a diffuse expression in advanced atherosclerotic
lesions. The present findings infer that the formation of calcium phosphate granules is
an early event in the atherosclerotic process and that the early deposition of calcium-rich
material is most likely not regulated by bone matrix regulatory proteins.
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5.1

Introduction

Atherosclerosis of a vascular wall is a multifactorial process. As discussed in recent
excellent reviews1, 2, deposition of lipid material originating from circulating low-density
lipoproteins (LDL), invasion of macrophages, eventually differentiating into foam cells,
accelerated growth of smooth muscle cells, and enhanced production of extracellular
matrix proteins and chronic inflammation are characteristics of the chain of events
leading to atherosclerotic plaques, narrowing of the lumen of the affected artery and
causing ischemic injury of the tissue downstream of the atherosclerotic lesion.
Besides the biochemical and cellular changes, enhanced deposition of calcium-rich
material and local accumulations of trace elements such as iron and zinc have been
reported3‑7. In general, vascular calcifications have been associated with more advanced
stages of atherosclerosis; in particular the presence of large sheets or lumps of calcified
material has been subject of intense studies8‑12). The presence of large calcifications
has been linked to plaque burden and predisposition to myocardial infarction13‑17.
Atherosclerotic calcifications have been predominantly observed in the intimal layer of
the affected arterial wall. In addition to big lumps of calcified material, calcium deposits
at a micrometer scale have been reported5, 8, 18. However, information about the time of
onset of micro-calcifications is scarce. Since it can not be excluded that the presence of
micro-calcifications in the vascular wall is playing a pivotal role in the chain of events
eventually leading to overt atherosclerotic plaques, information on temporal features
of the micro-scale calcium deposits is of great value. Moreover, detailed information
on the site of the early deposition of calcified material could also shed new light on the
pathogenic role of these deposits in the affected wall.
Despite many attempts to elucidate the chemical nature of the calcified material in
the atherosclerotic lesion, no consensus exists about the chemical form of the calciumrich mineralized deposits. Chemical bulk analysis by Schmid et al.11 of the mineral
part of human aortas with advanced atherosclerotic lesions revealed a mass ratio of
calcium-to-phosphorus close to that of hydroxyapatite, being the main constituent
of bone, i.e., 2.16. In contrast, others found lower ratios of calcium to phosphorus
in atherosclerotic plaques12. Precursors of hydroxyapatite like dicalcium phosphate
dehydrate (Ca/P mass ratio 1.29), octacalcium phosphate (Ca/P mass ratio 1.72) or Mg119
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substituted tricalcium phosphate (Ca/P mass ratio 1.94) have also been reported19. It
should be emphasized that the majority of studies focussed on advanced atherosclerotic
lesions. Data about the composition of micrometer-size calcifications at a pre-atheroma
stage of the atherosclerotic process are scarce. Detailed information on the nature of
the calcium crystals composing the micro-calcifications could help to understand the
mechanisms underlying the deposition of calcium-rich material during the early stages
of atherosclerosis.
The causes of calcium deposition in atherosclerotic lesions are still incompletely
understood. It has been suggested that vascular calcification is an actively regulated
process in addition to passive deposition of calcium-rich material. Osteo-regulatory
proteins such as Matrix Gla Proteins (MGP), Osteocalcin (OC), Bone Morphogenetic
Protein 2 (BMP‑2) and Core binding factor‑a1 (Cbfa1), are thought to be actively
involved in the calcification of atherosclerotic lesions10, 20‑22. Whether the bone regulatory
proteins also play a role in early stages of atherosclerosis is basically unknown.
Previous studies have shown that the trace elements iron and zinc accumulate in
atherosclerotic lesions of patients3‑5 and experimental animals6, 7. In human aortas
with advanced lesions large aggregated calcium deposits were found to correspond
with iron accumulation as seen with Prussian blue staining18. A pioneering study of
Pallon et al.5 revealed that micro-calcifications and hotspots of iron and zinc generally
coincided, in particular in areas in close vicinity of the lamina elastica interna of the
affected intimal layer. Data on the presence of iron and zinc accumulations and their
co-localization with micro-calcifications during early stages of atherosclerosis is scarce.
This kind of information might be of use to rate the pathogenic significance of increased
concentrations of trace-elements in the onset and progression of the atherosclerotic
process.
The main aims of the present study are as follows.
1. Study the temporal and spatial features of micro-calcifications in the
atherosclerotic artery.
2. Elucidate of a potential role of bone-regulating proteins in the onset of
deposition of calcium-rich material in the affected wall.
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3. Determine the composition of the micro-calcifications with special reference
to the calcium-to-phosphorus mass ratio of the calcium hotspot.
4. Explore the presence of trace elements such as iron, zinc and copper in the early
stages of atherosclerosis and their co-localization with calcium-rich deposits.
To this end, 16 tissue sections of 6 patients, who died from non-cardiac causes, were
analyzed by means of the proton microprobe to determine the presence of locally
accumulated calcium and trace elements. The severity of the atherosclerotic lesions was
classified according to the American Heart Association23 on basis of standard pathological
staining procedures. The expression of bone-regulating proteins, if any, was studied with
the use of immuno-histochemical staining techniques.

5.1

Materials and methods

5.1.1 Instrumentation and analysis
Measurements were performed with a 3 MeV proton beam coming from the 3.5 MV
accelerator (SingletronTM 24, High Voltage Engineering Europe B.V., Amersfoort,
the Netherlands) at the Eindhoven University of Technology. This accelerator is
connected to a microprobe setup. Details are explained in section 4.2, except for the
following changes. An ultralow-energy germanium detector (ultra-LEGe, Canberrra
Semiconductors) with a 50 mm2 surface area was positioned at 135° with respect to the
beam-axis (solid angle 5.2 ± 0.3 msr) for the detection of characteristic X-rays (PIXE)
corresponding to, for instance, phosphorus and calcium. A beryllium absorber with a
thickness of 23.7 ± 0.6 mg/cm2 was placed in front of this X-ray detector, preventing
the entry of backscattered protons into the X-ray detector and reducing pile-up, i.e., two
X-rays entering the detector at about the same time. A second ultra-LEGe detector with
a 100 mm2 surface area was positioned at 135° with respect to the beam-axis (solid angle
8.0 ± 0.4 msr) for the detection of X-rays (PIXE) corresponding to iron, copper and
zinc. A beryllium absorber with a thickness of 162 ± 4 mg/cm2 was placed in front of
this X-ray detector to reduce the pile-up of calcium and still detect iron and zinc with a
high efficiency. The analysis was performed as described in section 4.2. Detection limits
were calculated as described in section 3.4.2.
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5.1.2 Tissue collection and preparation
Samples (n = 16) of coronary arteries were collected from autopsy hearts, by taking out
a 5 mm long part of the different coronary arteries (Department of Pathology, Academic
Hospital Maastricht) from six adult persons aged between 47 and 86 years, who died
from non-cardiac causes (patients A through F). Autopsy was performed 6‑9 hours after
death. Collection was approved by the Maastricht Pathology Tissue Collection-committee
(MPTC). Directly after excision the specimens were placed in cryomolds filled with
Tissue Tek, directly frozen in liquid nitrogen and stored at ‑80°C. Cryosections were cut
at a thickness of 5 μm in a cryostat microtome (‑30ºC) using Teflon coated disposable
knifes and subsequently collected on Pioloform (Agar Scientific LTD) films (thickness
100 ± 10 nm) for PIXE analysis. Both knifes and Pioloform films were precooled in
the cryostat. The sections on Pioloform were dried in the cryo-microtome for at least
2 hours. Adjacent sections (thickness of 5 μm) were collected on glass slides. Tissue
sections on glass slides were placed in a freezer to be stained later, except for the tissue
sections that were stained with haematoxylin-and-eosin immediately after sectioning.

5.1.3 Tissue staining techniques
Morphological staining
Lesion morphology was evaluated on haematoxylin-and-eosin–stained (H&E)
sections. Specimens from all stages of atherosclerosis were stained with von Kossa and
Oil Red O.
H&E staining is a routine morphological staining with which the tissue nuclei are
stained blue by haematoxylin, followed by counterstaining by eosin, which colours the
tissue fibres and cytoplasms in varying shades of red25. Calcium salts and iron are stained
purple-blue by H&E25. H&E does not stain lipids, these are removed from the tissue
during the dehydrating procedure with alcohol before mounting a top glass on the tissue
sections on glass slides.
Oil Red O stains lipids deep red, phospholids pink and nuclei blue25. Von Kossa is the
most widely used histochemical method for calcium identification. It should be kept in
mind that the von Kossa staining reacts with phosphate rather than with calcium, in the
presence of acidic material26. Silver is substituted for calcium in calcium salts and this
silver salt is then reduced to black metallic silver by light. The von Kossa staining was
counterstained with eosin.
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Immunohistochemical staining
Immunohistochemistry was performed as a tissue staining technique using labelled
antibodies as specific reagents for localization of tissue constituents. Primary antibodies
described here were used to bind specifically to a protein under investigation and these
primary antibodies were not labelled. Secondary antibodies were applied as these bind
specifically to the first antibodies and were used for visualizing the labelling.
Frozen sections (5 µm) were separately stained with mouse monoclonal antibodies
against Matrix Gla Protein (MGP, 1:25)27, Bone morphogenetic protein-228 (BMP‑2,
1:20, Genetics Institute, Inc., Cambridge, MA, USA), human smooth muscle a‑actin
(ASMA, clone 1A4, Dako, Glostrup, Denmark), human macrophage antigen CD6828
(clone KP1, Dako, Glostrup, Denmark), or rabbit polyclonal antibodies against
Osteocalcin28 (OC, 1:50, Anawa Trading SA, Wangen, Zürich, Switzerland), or Core
binding factor‑a1 (Cbfa1, 1:100, Santa Cruz Biotechnology, Inc., Santa Cruz, USA).
These proteins are discussed in section 2.2.4. Biotinylated sheep anti- mouse IgG (1:250,
Amersham, Life Science, Little Chalfont, Buckinghamshire, UK) or sheep anti-rabbit
IgG (1:1000, Dako) were used as the secondary antibodies. After incubation with an
alkaline phosphatase-coupled avidin-biotin complex (ABC complex, Dako), antibodies
were visualized with a red alkaline substrate kit I (Vector SK‑5100, Vector Laboratories,
Inc., Burlingame, CA, USA), counterstained with haematoxylin and coverslipped with
entellan. Positive staining with the immunohistochemistry appeared as a red staining.
Negative controls (applying only the secondary antibody) lacked incubation with the
primary antibody and thus no aspecific antibody binding and staining was present.|

5.1.4 Tissue analysis
Atherosclerotic lesion subtypes were determined according to the classification proposed
by Stary for the American Heart Association (AHA)23 by an expert in the field per
region of interest in the artery walls. The classification was based on H&E staining,
supplemented with information from Oil Red O staining for lipid deposition and
immunohistochemical staining for macrophages and smooth muscle cells.
Per tissue specimen adjacent sections were cut for proton microprobe analysis or
staining as described above. For these adjacent sections a region of interest of the artery
wall was chosen to interpret the proton microprobe analysis or staining results with
approximately the same artery wall constituents (figure 5.1, figure 5.3, figure 5.5,
123

Chapter 5

figure 5.7). The different techniques however resulted in a slightly different deformation
of the artery wall, which interfered choosing the exact same region of interest. When a
specific staining was not available from a tissue specimen a stained tissue section from
another tissue specimen was taken with the same AHA classification and similar proton
microprobe analysis and staining results. A total of 54 areas (regions of interest) of about
2 by 2 mm2 were studied. Conclusions of tissue staining were drawn by interpretation
of all regions of interests in the tissue sections, which also originated from different
specimens.

5.2

Results

5.2.1 Features of different stages of atherosclerotic lesions in the human
coronary artery
In the first part of this section typical examples are shown of atherosclerotic lesions
classified from AHA type I through type IV (see section 2.1.4). These typical examples
were selected on basis of features made visible with H&E staining supplemented with
Oil Red O staining and immunohistochemical staining for macrophages and smooth
muscle cells.
5.2.1.1

Type I lesion

In type I lesions the thickening of the intima was relatively moderate (figure 5.1d). The
intima consisted mainly of extracellular matrix proteins (Sirius Red staining, data not
shown). Occasionally macrophages (figure 5.1j, figure 5.2b) and smooth muscle cells
(figure 5.1i, figure 5.2a) were present, scattered throughout the intima.
Lipid accumulation was less likely, because the H&E staining procedure did not result
in typical, negatively stained cholesterol clefts. This contention is supported by the ORO
staining, which failed to show substantial accumulation of lipid material (figure 5.1h).
The lamina elastica interna showed a non-interrupted appearance (very fine pink ribbon
in figure 5.1d).
Consecutive proton microprobe scans were made covering the whole cross section of
the region of interest of the coronary artery wall to obtain an overview of the hydrogen
and calcium yield distribution in the entire artery wall (see section 4.3.3 for details).
The anatomical features of the hydrogen overview (figure 5.1b) followed the contours of
the H&E staining. The calcium overview scans of the whole coronary artery wall with a
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type I lesion did not reveal any substantially increased deposition of this element, neither
in the thickened intima, nor in the other layers of the coronary wall (figure 5.1c). The
same result was obtained in figure 5.1f, showing a detail of the vascular wall. Also the
von Kossa staining did not show any positive staining (figure 5.1g). The results of the
immunohistochemical staining of MGP, BMP‑2, OC and Cbfa1, proteins known to be
involved in the regulation of bone formation, were all negative in the affected intima
(figure 5.1k-n).

5.2.1.2

Type II lesion

In type II lesion the thickened intima (figure 5.3a) mainly consisted of extracellular
matrix proteins (Sirius Red staining, data not shown), macrophages (figure 5.3j), and
smooth muscle cells (figure 5.3i) dispersed throughout the affected intima. Magnification
of the H&E stained sections indicates that foam cells were occasionally present in the
thickened intima (figure 5.4). ORO staining did not provide convincing information
about the accumulation of lipid material at this stage (figure 5.3h). This may be due to
technical imperfections of the staining procedure. Figure 5.3d shows an intact lamina
elastica interna.
It is of interest to note that in the coronary wall section with a type II lesion the calcium
overview yield scan showed a region with enhanced yield of the element calcium
(figure 5.3c). Although yield scans do not give concentration values there is a region
with a higher yield compared to its surroundings, namely other intimal parts and media.
Also, high resolution scans of such regions resulting in concentration values confirmed
that the calcium concentrations were increased compared to the surroundings. The
detailed scan in figure 5.3f revealed that the calcium accumulations were localized
predominantly in the abluminal layer of the affected intima. The increased calcium
deposits could not be visualized with the routinely applied von Kossa staining, most likely
because of insufficient sensitivity and/or specificity. In this respect it should be kept in
mind that von Kossa stains phosphorus rather than calcium. The immunohistochemical
staining for MGP, BMP‑2, OC and Cbfa1 were all still negative in the thickened intima
(figure 5.3k‑n). The yellow line in figure 5.3e is an artefact resulting from a torn piece of
tissue superimposed on the artery wall.
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a) H&E - overview

b) H - overview

c) Ca - overview
Figure 5.1. (a) Overview of the coronary artery wall with a type I lesion stained with H&E.
Arrow heads indicate the lamina elastica interna. (b) Overview of hydrogen yield and (c) calcium
yield distribution as obtained with the proton microprobe on the adjacent tissue section. A
colour scale is used as displayed in figure 3.18. The beam size was 3.0 * 3.0 µm2. The scale
bars in (a) to (c) correspond with 1 mm. (d) Magnified area of the coronary artery wall stained
with H&E. Arrow heads indicate the lamina elastica interna; I = intima; M = media. (e) The
hydrogen yield and (f ) calcium yield as determined with the proton microprobe. The beam size
was 3.0 * 3.0 µm2. (g) von Kossa staining (black staining), characterizing calcifications. (h) ORO
staining (red staining), characteristic lipids. (i) Immunohistochemical staining (red staining) for
ASMA, characteristic for the presence of smooth muscle cells. (j) CD68 staining, characteristic
for the presence of macrophages. Immunohistochemical staining for osteo-regulatory proteins,
namely (k) MGP staining, (l) BMP‑2, (m) OC, and (n) Cbfa1. The scale bars in figure 5.1d to
n correspond with 100 µm.
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a) ASMA

b) CD68

Figure 5.2. (a) Magnified area of the coronary artery wall with a type I lesion immunohistochemical
stained for ASMA. Smooth muscle cells can be demonstrated (most prominent stained cells
are indicated by an arrow) in this type I lesion. (b) Immunohistochemical staining for CD68,
identifying macrophages (most prominent stained macrophages are indicated by an arrow) in
the same region as the staining for ASMA. The scale bars in figure 5.2a and b correspond with
20 µm.

5.2.1.3

Type III lesion

The H&E staining of a type III lesion (figure 5.5a and d) showed a substantial thickening
of the intima. ASMA staining indicated increased numbers of smooth muscle cells
(figure 5.5i). Immunohistochemical staining for CD68 (figure 5.5j) revealed the presence
of macrophages, diffusely dispersed in the affected intima. Sirius Red staining indicated
the presence of extracellular matrix proteins (data not shown). H&E staining revealed
the presence of lipid deposition (figure 5.5d). The ORO staining also indicated the
presence of lipid accumulations, predominantly in the abluminal region of the thickened
intima (figure 5.5h and figure 5.5). Figure 5.5d shows an intact lamina elastica interna.
Generally in type III lesions, micro-calcifications could be abundantly found as shown
on the overview scans obtained with the proton microprobe (figure 5.5c). They were
present in larger numbers than in type II lesions. This was also apparent in a larger part
of the coronary artery wall, both in the abluminal and luminal layer of the thickened
intima. The von Kossa staining method was slightly positive (gray and black staining) in
these areas as could be seen with a trained eye (figure 5.5g) and in such way correlated
visually with the calcium overview scans obtained with the proton microprobe. The
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calcifications were mainly present at the sites of the lipid depositions as seen on the
ORO staining.
At the sites of the calcifications immunohistochemical staining for MGP showed a
positive signal (figure 5.5k). In contrast, the staining for BMP‑2, OC and Cbfa1 was
negative (figure 5.5l through n).

5.2.1.4

Type IV lesion

In type IV lesion the intima was substantially thickened (figure 5.7a) with clear differences
between the luminal and abluminal region as explained below. The luminal layer consisted
mainly of extracellular proteins; the abluminal region contained less extracellular
matrix material (Sirius Red, data not shown). The ASMA staining indicated increased
numbers of smooth muscle cells (figure 5.7i) and the CD68 staining revealed numerous
macrophages in the luminal region (figure 5.7j). Accumulation of lipid material was
relatively minor in this layer. In contrast, the abluminal layer contained a well defined lipid
core (figure 5.7h). This conclusion is based on the intense ORO staining and the typical
pattern observed on the H&E stained tissue section (figure 5.7h and d, respectively).
The H&E staining also showed that the abluminal region contained relatively less cells.
Analysis of tissue sections with ASMA or CD68 at a higher magnification revealed that
the number of smooth muscle cells and macrophages, respectively, was much less in the
abluminal than in the luminal region (data not shown).
The calcium overview (figure 5.7c) shows that depositions of calcium-rich material
were abundantly present in the thickened intima, especially in the abluminal layer (e.g.
marked area) but occasionally also in the luminal region (e.g. arrow). The magnification
in figure 5.7f shows details of the abluminal depositions of calcium as monitored with
the proton microprobe. It is of note the von Kossa staining now also shows abundant
precipitations of phosphorus-rich material. The calcium-phosphorus hotspots colocalized with the increased lipid depositions (figure 5.7h). MGP staining was positive
both at the abluminal and luminal side of the lesion. BMP‑2 and OC staining was more
pronounced at the luminal than abluminal layer of the thickened intima (figure 5.7l and
m). Cbfa1 staining was faint and diffuse throughout the intima at the thickest part of
the lesion (figure 5.7n).
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a) H&E - overview

b) H - overview

c) Ca - overview
Figure 5.3. (a) Overview of the coronary artery wall with a type II lesion stained with H&E.
Arrow heads indicate the lamina elastica interna. The arrow indicates the region considered as
a type II lesion. (b) Overview of hydrogen yield and (c) calcium yield distribution as obtained
with the proton microprobe on the adjacent tissue section. A colour scale is used as displayed in
figure 3.18. The beam size was 3.0 x 3.0 µm2. The scale bars in (a) to (c) correspond with 1 mm.
(d) Magnified area of the coronary artery wall stained with H&E. Arrow heads indicate the
lamina elastica interna; I = intima; M = media. (e) The hydrogen yield and (f ) calcium yield as
determined with the proton microprobe. The beam size was 3.0 x 3.0 µm2. (g) von Kossa staining
(black staining), characterizing calcifications. (h) ORO staining (red staining), characteristic for
lipids. (i) Immunohistochemical staining (red staining) for ASMA, characteristic for the presence
of smooth muscle cells. (j) CD68 staining, characteristic for the presence of macrophages.
Immunohistochemical staining for osteo-regulatory proteins, namely (k) MGP staining, (l)
BMP‑2, (m) OC, and (n) Cbfa1. The scale bars in figure 5.3d to n correspond with 100 µm.
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Figure 5.4. Magnified area of the coronary artery wall with a type II lesion stained with H&E.
The arrow indicates a foam cell. The scale bar corresponds with 20 µm.

5.2.1.5

Type VII lesion

Advanced atherosclerotic lesions were found in two sections (two different patients) of
the affected coronary wall and these were classified as type VII on the basis of large areas
of confluent calcifications. Because most calcified material was lost during cutting of the
tissue sections and this study was primarily focussing on the early stages of atherosclerosis
no details are shown of these types of lesions. It should be noted, however, that in
general the von Kossa staining showed intense staining of phosphate-rich material.
MGP, BMP‑2, OC and Cbfa1 staining was positive throughout the affected intima.

5.2.1.6

Histochemical and micro-calcification patterns

The overall pattern of the calcium distributions as obtained with the proton microprobe
and (immuno-)histochemical stainings are summarised here. A total of 54 areas of about
2 by 2 mm2 were studied.
Type I lesions were characterized by a thickened intima containing only a few scattered
smooth muscle cells (ASMA staining) and macrophages (CD68 staining), were virtually
devoid of micro-scale deposits of calcium-rich (proton microbeam) and phosphorousrich material (von Kossa). Overt lipid depositions were also not found. The same held
for increased expression of bone regulatory proteins such as MGP, BMP‑2, OC and
Cbfa1. In contrast, in type II lesions the first signs of micro-calcifications became
apparent when tissue sections were analyzed with the proton microbeam. Von Kossa
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was still negative, but thinly scattered lipid accumulations could be observed. Staining
of the bone regulatory proteins under investigation was still negative. In type III lesions,
characterized by the presence of smooth muscle cells, macrophages, foam cells and lipid
depositions, micro-calcifications (proton microbeam) were abundantly present, often
co-localized with phosphorus-rich material, as made visible by von Kossa staining. The
expression of MGP, a bone regulatory protein with inhibitory properties, was clearly
increased in this type of lesion. The more advanced type IV lesions with established
atheroma generally showed pronounced deposition of both calcium- and phosphorousrich material at a micro-scale and increased expression of all four bone regulatory proteins
under investigation, i.e., MGP, BMP‑2, OC and Cbfa1.

5.2.2 Calcium-to-phosphorus ratio of the micro-calcifications
The above described calcium hotspots most likely consist of insoluble calcium salts11. A
likely candidate is hydroxyapatite, the most common calcium salt in bone tissue. The
calcium-to-phosphorus mass ratio of hydroxyapatite is 2.16. To analyze the calcium-tophosphorus ratio of the micro-calcifications observed in the thickened intima, 45 hotspots
were randomly selected from coronary artery sections of patients with type II to IV lesions.
To select a specific hotspot or precipitate, a region with increased density of calcium was
chosen on the overview scans of a cross section of a coronary artery wall, for instance the
area marked in figure 5.7c. In general, the beam size used of the proton beam during
the measurements to obtain the overview scans was 3.0 x 3.0 µm2. From such a selected
region (figure 5.8a) an area with one or more calcium hotspots was chosen at random
for further investigation. The beam size used to scan these selected regions was on the
average 0.9 x 0.9 µm2. An example is shown in figure 5.8b. From such a scan a new area
was chosen for further magnification (see area marked in figure 5.8b). The result of the
magnification is shown in figure 5.8c. From the latter magnification a calcium hotspot
was chosen at random to analyze the concentration distribution of elements such as
calcium, phosphorus, carbon and sulphur. The latter high resolution scans were made
with a beam size of either 0.9 x 0.9 or 0.6 x 0.6 µm2. The scans consisted of 32 by 32
pixels and the scan area was 28 x 28 µm2 or 14 x 14 µm2. Thus areas were chosen with
clear signs of calcifications in the yield pictures. An example of such a detailed scan
is displayed in figure 5.9. It can be appreciated that both calcium and phosphorus
concentrations were increased in corresponding pixels relative to the area surrounding
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a) H&E - overview

b) H - overview

c) Ca - overview
Figure 5.5. (a) Overview of the coronary artery wall with a type III lesion stained with H&E. The
arrow heads indicate the lamina elastica interna. (b) Overview of hydrogen yield and (c) calcium
yield distribution as obtained with the proton microprobe on the adjacent tissue section. A
colour scale is used as displayed in figure 3.18. The beam size was 3.0 x 3.0 µm2. The scale bars
in (a) to (c) correspond with 1 mm. (d) Magnified area of the coronary artery wall stained with
H&E. The arrow heads indicate the lamina elastica interna; I = intima; M = media. (e) The
hydrogen yield and (f ) calcium yield as determined with the proton microprobe. The beam
size was 3.0 x 3.0 µm2. (g) von Kossa staining (black staining), characterizing calcifications.
(h) ORO staining (red staining), characteristic for lipids. (i) Immunohistochemical staining (red
staining) for ASMA, characteristic for the presence of smooth muscle cells. (j) CD68 staining,
characteristic for the presence of macrophages. Immunohistochemical staining for osteoregulatory proteins, namely (k) MGP staining, (l) BMP‑2, (m) OC, and (n) Cbfa1. The scale
bars in figure 5.5d through n corresponds with 100 µm. More details of the marked area in
(h) are shown in figure 5.6.
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Figure 5.6. Magnified area of a part of figure 5.5h of the ORO staining. Small pools of lipids
are shown as a brown-red colouring. An example is indicated by the arrow head. The scale bar
corresponds with 100 mm.

the hotspot. The carbon and sulphur concentration was substantially decreased in these
pixels. In this particular case the concentration of carbon, representing the tissue matrix,
was halved and the concentration of sulphur, representing tissue proteins, declined to
about 30 % of the concentration in the area surrounding the calcium hotspot. This finding
most likely indicates that the calcium-phosphorus precipitate did not completely replace
the original tissue material in the tissue volume under investigation. In total 45 calcium
hotspots were analyzed in detail in this manner. The calcium-to-phosphorus ratio was
estimated in these 45 hotspots from the calcium/phosphorus scatter plots as described
in section 4.3.3. Measurements on sections of the coronary artery of patient A, which
did not show any calcifications, were used to formulate a criterion to distinguish the
calcifications from the surrounding regions. The average calcium concentration value
of the coronary artery of patient A was (4 ± 2) 102 µg/g and the calcium-to-phosphorus
mass ratio was 0.14 ± 0.09. These values were used to define a criterion, namely the
average value plus three standard deviations, for both the calcium concentration and the
calcium-to-phosphorus mass ratio. A pixel was categorized as belonging to a calcification
if it had a concentration value and calcium-to-phosphorus mass ratio larger than defined
in the criterion as described above (see also section 4.3.3).
Six representative examples of calcium/phosphorus scatter plots are shown in figure 5.10.
This figure clearly shows that the calcium-to-phosphorus ratio is very homogeneous
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within a given hotspot. The inter-pixel variation appears to be small. In contrast, the
calcium-to-phosphorus ratios appreciably vary from precipitate to precipitate. The
collective findings are shown in figure 5.11. The calcium-to-phosphorus mass ratio
varied from 1.62 to 2.99 (3 % uncertainty; section 4.3.2). It is of interest to note that the
values represented a continuum between the lowest and highest value observed instead
of clustering around ratios belonging to distinct calcium phosphate compounds.
It was further investigated whether the calcium-to-phosphorus ratios increased with
the progression of the atherosclerotic lesion. To this end the values of the calcium-tophosphorus ratios were plotted against the lesion type from the AHA classification, in
which the hotspots were present (figure 5.12). This figure shows that the ratio tends
to increase when the lesion belongs to a higher classification number. However due to
the substantial variation in the data, no statistical significance of the Ca/P per AHA
classification was reached. It was also explored whether the ratio depended on the
concentration of calcium in the hotspot. In figure 5.13 the relation between calcium-tophosphorus ratio in a particular hotspot and its average calcium concentration is shown.
The figure indicates a significant positive correlation between the two parameters, thus a
higher calcium concentration is correlated with a higher calcium-to-phosphorus.

5.2.3 Trace-elements: iron, zinc and copper
Since trace-elements such as iron, zinc and copper could play a role in the pathophysiological
mechanism underlying the onset and progression of atherosclerosis29, 30, increased
deposition of these trace-elements in the affected intima has been investigated in full
detail. Both the presence of increased concentrations of the trace-elements, if any, and the
co-localization with the calcium hotspots were determined. For all the calcium hotspots
described above also the trace-elements were monitored. In none of the areas investigated
copper could be found above the detection limit. In contrast, iron and zinc often showed
small hotspots, commonly varying from 1 to 10 mm, with increased concentrations. The
detection limits for iron, copper and zinc were respectively 7, 5 and 5 mg/g. Examples
of local iron and zinc accumulations are shown in figure 5.14 to figure 5.16 at a high
magnification. figure 5.14 and figure 5.15 show two examples of both increased Fe and
Zn, co-locating very well with the calcium (and phosphorus) hotspots. Figure 5.16
displays an example where Fe only accumulated in one of the calcium hotspots; the
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a) H&E - overview

b) H - overview

Figure 5.7. (a) Overview of the coronary artery
wall with a type IV lesion stained with H&E.
The arrow heads indicate the lamina elastica
interna. The big arrows indicate the region
considered as a type IV lesion. (b) Overview of
hydrogen yield and (c) calcium yield distribution
as obtained with the proton microprobe on the
adjacent tissue section. Calcium-rich material
is present in the abluminal layer (e.g. marked
area) but occasionally also in the luminal region
(arrow). More details of the marked area in
(c) are shown in figure 5.8. A colour scale is
c) Ca - overview
used as displayed in figure 3.18. The beam
size was 3.0 x 3.0 µm2. The scale bars in (a) to (c) correspond with 1 mm. (d) Magnified area
of the coronary artery wall stained with H&E. The arrow indicates the area of increased lipid
deposition. I = intima; M = media. (e) The hydrogen yield and (f ) calcium yield as determined
with the proton microprobe. The beam size was 3.0 x 3.0 µm2. (g) von Kossa staining (black
staining), characterizing calcifications. (h) ORO staining (red staining), characteristic lipids.
(i) Immunohistochemical staining (red staining) for ASMA, characteristic for the presence
of smooth muscle cells. (j) CD68 staining, characteristic for the presence of macrophages.
Immunohistochemical staining for osteo-regulatory proteins, namely (k) MGP staining, (l) BMP2, (m) OC, and (n) Cbfa1. The scale bars in figure 5.7d through n corresponds with 100 µm.
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Figure 5.8. Phosphorus and calcium yield distribution in the thickened intima of a coronary
artery. The tissue slice is the same as shown in figure 5.7c. (a) Micrometer-sized calcifications
can be observed in the intima with a beam size of 3.0 x 3.0 µm2 and scan size of 512 x 512 µm2.
(b) A magnified part (marked area in a) of the phosphorus and calcium distribution is displayed
as measured with a beam size of 0.9 x 0.9 µm2 and a scan size of 128 x 128 µm2. (c) Phosphorus
and calcium distribution of a magnified area (marked area in b) as measured with a beam size
of 0.9 x 0.9 µm2 and scan size of 64 x 64 µm2. More details of the marked area are shown in
figure 5.9 and discussed in the text.
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Figure 5.9. Concentration distributions of phosphorus, calcium, carbon and sulphur, respectively,
in the area marked in figure 5.8c (scan size: 28 x 28 µm2, beam size of 0.9 x 0.8 µm2). Values in
the column at the right hand side of the pictures are expressed as µg/g dry weight.

Zn distribution shows a good spatial correlation with Ca. Concentrations below the
detection limits were vetoed and appear white in the concentration distributions (for
details see section 3.4.2).
For the 45 scan areas the co-localization of iron and/or zinc with the calcium precipitates
were estimated. Only concentrations values above the detection limits were taken into
account. The criteria were: perfect match in localization: (I); Fe or Zn accumulated in
close vicinity of the calcium hotspot (within about 1 to 2 mm) (II): Fe or Zn locally
accumulated in a region remote from the calcium precipitate (within about 3 to 4 mm)
(III): no match at or near the micro-calcification (IV). Table 5.1 displays the outcome
of the analysis. In case Fe locally accumulated the co-localization with a calcium hotspot
was good in 73 % of the cases. In case of Zn deposition: in 74 % of the cases zinc colocalized well with the calcium hotspot. In about two third of the cases that both Fe and
Zn accumulated locally, both elements showed a good spatial correlation (table 5.1).
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c)

d)

e)

f)

Figure 5.10. Typical examples of scatter plots of calcium and phosphorus concentrations
in distinct pixels from six individual calcium hotspots. The uncertainty in the calcium and
phosphorus concentration is 3 %. The pixels belonging to the calcification are displayed in
light grey. The remaining points, which belong to pixels in close vicinity of the calcification, are
displayed in dark grey. The scans were composed of 32 x 32 pixels. A linear fit through the points
belonging to a calcification provided a slope representing the calcium-to-phosphorus mass ratio.
The values of the slopes were (a) 1.81 ± 0.05 ; (b) 2.01 ± 0.06; (c) 2.10 ± 0.06; (d) 2.32 ± 0.07;
(e) 2.55 ± 0.08; (f ) 2.79 ± 0.08.
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Figure 5.11. Forty-five calcium-to-phosphorus ratios obtained in sections from coronary arteries
of patients B through F were arranged in ascending order. Possible types of calcium phosphate
crystals are indicated as a horizontal line (octacalcium phosphate [OCP, Ca/P mass ratio 1.72],
Mg-substituted tricalcium phosphate [TCMP, Ca/P mass ratio 1.94], hydroxyapatite [HAP, Ca/
P mass ratio 2.16]) or as a grey area (calcium-deficient apatite [Ca-def AP, Ca/P mass ratio
2.08 to 2.13], carbonate apatite [carbonate AP, Ca/P mass ratio 2.20 to 2.97])19. The range of
amorphous calcium phosphate [Ca/P mass ratio 1.55 to 3.23] is displayed as a grey column on
the right side.

Figure 5.12. The calcium-to-phosphorus ratio of calcium hotspots as function of the AHA
lesion type, in which the precipitate was present. Lesion type II, n = 13, average Ca/P mass
ratio = 1.9 ± 0.2; Lesion type III, n = 17, average Ca/P mass ratio = 2.1 ± 0.2; Lesion type IV,
n = 15, average Ca/P mass ratio = 2.4 ± 0.4.
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Figure 5.13. Plot of the calcium-to-phosphorus ratios against the average calcium concentrations
per calcium hotspot. The linear fit has a slope of (1.1 ± 0.1) 10-5.

P

Ca

Fe

Zn

Figure 5.14. Concentration distributions of phosphorus, calcium, iron and zinc, respectively
(scan size: 14 x 14 µm2, pixel size: 0.4 µm, beam size: 0.9 x 0.8 µm2). Values in the column at the
right hand sides of the pictures are expressed as µg/g dry weight.
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Figure 5.15. Concentration distributions of phosphorus, calcium, iron and zinc, respectively
(scan size: 14 x 14 µm2, pixel size: 0.4 µm, beam size: 1.0 x 0.9 µm2). Values in the column at the
right hand sides of the pictures are expressed as µg/g dry weight.

P

Ca

Fe

Zn

Figure 5.16. Concentration distributions of phosphorus, calcium, iron and zinc, respectively
(scan size: 14 x 14 µm2, pixel size: 0.4 µm, beam size of 1.0 x 0.9 µm2). Values in the column at
the right hand sides of the pictures are expressed as µg/g dry weight.
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Table 5.1. Co-localization of iron and/or zinc at a micro-calcification as assessed semi-quantitatively
from the element distributions (n = 45). These are classified as I, perfect co-localization; II, traceelement near the micro-calcification (within about 1 to 2 mm); III, trace-element near the microcalcification (within about 3 to 4 mm); IV, no trace-element identified at or near the microcalcification (within about 0 to 4 mm). The uncertainty is 4 %.

I
II
III
IV

Ca-Fe
73 %
7%
4%
16 %

5.3

Discussion

Ca-Zn
74 %
2%
4%
20 %

Ca-Fe-Zn
69 %
7%
4%
20 %

In summary, we show that calcium deposits at a (sub)micrometer scale can be observed
in the abluminal layer of the thickened intima already in early pre-atheromatous stages
(AHA classification type II and III) of atherosclerosis, characterized by the presence of
enhanced numbers of smooth muscle cells and macrophages and focal accumulation
of lipid material. Analysis of coronary artery walls of patients, who died from noncardiac causes, with the proton microbeam technique revealed that in type II lesions
micro-calcifications containing calcium and phosphorus were present. Type I lesions
were virtually devoid of micro-calcifications. However, the size of the calcifications
that could be resolved by the proton microprobe was limited by the beam size, namely
0.6 x 0.6 µm2. Smaller calcifications might be present, but could not be demonstrated
with the techniques used in this study. The mass ratio of the increased calcium and
phosphorus in the precipitations varied from 1.62 to 2.99, indicating that the microcalcifications most likely consisted of amorphous calcium-phosphate salts. The microcalcifications were often associated with local accumulations of iron and zinc. The first
signs of calcium accumulation preceded the augmented expression of mineralizationregulating proteins such as MGP, BMP‑2, OC and Cbfa1.

Micro-calcifications, an early event in the atherosclerotic process
Deposition of bulk calcium-rich material is generally associated with advanced stages of
the atherosclerotic process8. Lumps and/or sheets of insoluble calcium salts are typically
present in plaques. In the present study micro-calcifications could already be observed
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in the abluminal layer of the thickened intima, classified as type II lesion according to
the AHA23. Although type I lesions were virtually devoid of micro-calcifications, the
conclusion can be drawn that deposition of calcium-rich material at a (sub)micometer
scale is an early event in pre-atheromatous stages of the atherosclerotic process. This
contention is in line with a limited number of reports dealing with the presence of
micro-calcifications in the atherosclerotic vessel wall31‑33. Note that in more severe
lesions, i.e., type III and IV, the micro-calcifications increased in number (per area and
also total area) and that deposition of calcium-rich material could also be observed in
the luminal side of the affected intima.

Onset of calcium deposition in the thickened intima
At present one may only speculate about the precise localization and mechanism
underlying the enhanced precipitation of calcium-rich material in the thickened intima.
Because of the (sub)micrometer dimensions of the calcifications the primary site of
calcium deposition could be both intra- and extracellular. The present technique does
not allow discriminating between the two options. Earlier studies of Stary8 suggest an
intracellular localization of the onset of calcium deposition, predominantly in the smooth
muscle cells, the presence of which is augmented in the thickened intima. Watson et al.34
reported that in particular vascular smooth muscle cells with osteoblastic properties
were able to initiate the calcification process. An extracellular localization of the nidus is
often associated with extracellular vesicles, group-wise positioned along elastic fibers and
smooth muscle cells9, 12, 18, 32, 35‑38. Jeziorska et al.33 reported a close association of microcalcifications in areas with small pools of extracellular lipids, corroborating the studies
of Guyton and coworkers31 pointing to a co-localization of increased calcium deposition
and cholesterol crystals in the abluminal part of the affected intima.
It is of note that not only the cell types involved in the earliest calcium depositions
remains to be elucidated; also the primary trigger for enhanced calcium deposition
is incompletely understood. From a chemical point of view deposition of insoluble
calcium salts starts when the solubility product of the calcium ion and accompanying
anion is surpassed locally. The nidus may be apoptotic or necrotic cellular material as has
been suggested by8, 39. Moreover, deposition of lipidic material could also serve as a site
where calcium ions accumulate eventually leading to the local precipitation of insoluble
calcium salts. All the possibilities represent processes being basically passive in nature.
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Alternatively, the onset of deposition of calcium-rich material could be elicited by
actively regulated processes. In this respect, one may consider processes involved in bone
formation10, 20‑22. The mineralization of bone is an intricate interplay between different
cell types and a set of proteins possessing transport and/or enzymatic properties40. To
explore the possible involvement of bone-regulatory proteins in the formation of microcalcifications in the affected intima of the coronary arteries under investigation, the
presence, if any, of a set of relevant proteins was monitored. Shanahan41 earlier reported
that matrix Gla protein (MGP) is expressed by macrophages and smooth muscle
cells in atherosclerotic lesions in close vicinity of deposits of calcified material. Later
studies42, 43 showed that vascular cells in culture increased the expression of MGP during
differentiation and deposition of mineralized material. The present study, however, clearly
indicate that the occurrence of micro-calcifications preceded the increased expression of
MGP. Because MGP possesses the property to bind calcium ions and, hence, to inhibit
the formation of insoluble calcium salts44, 45, the increased expression of MGP following
the formation of micro-calcifications could point to an adaptive mechanism in the
affected intima to mitigate or prevent further deposition and/or growth of calcified
material.
Osteocalcin (OC or bone Gla protein) also exerts a mitigating effect on bone
formation46. OC is one of the most abundantly expressed non-collagenous proteins by
osteoblasts, promoting adhesion and chemotaxis in osteoclasts47. Here it was shown that
increased expression of OC is a relatively late phenomenon in the sequel of events of the
atherosclerotic process. Only in type IV lesions, corresponding with atheroma, and more
severely affected areas the OC expression was found to be enhanced. This observation
underscores earlier findings of increased levels of OC in calcified atherosclerotic
plaques and aortic valves48 and the presence of OC in type V and VI lesions in human
atherosclerotic carotid arteries49. Other proteins such as Bone Morphogenetic Proteins
(BMP) are known to mediate ectopic bone formation50, since BMPs can induce the
transdifferentiation of mesenchymal cells into osteoblasts. Especially BMP‑2 exerts a
potent action on osteoblast differentiation51. It has been shown earlier that the expression
of BMP‑2 is increased in atherosclerotic lesions with enhanced deposition of calcified
material28, 34. The present study indicates that increased BMP‑2 expression follows the
earliest presence of micro-calcifications in the affected intima. It is therefore less likely
that BMP‑2 is involved in the onset of deposition of calcium-rich material in the early
stages of atherosclerosis. However, BMP‑2 could play a pivotal role in the acceleration of
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the calcifying process in the affected intima. The same holds for Core binding factor‑a1
(Cbfa1). This protein is known to regulate osteoblast and chondrocyte differentiation52, 53.
In general, enhanced expression of Cbfa1 precedes the formation of bone52, 53. It should
be emphasized that in the atherosclerotic coronary arteries under investigation Cbfa1
expression was found to be increased in type IV lesions and beyond, diffusely in the
affected intima. This finding excludes therefore a pivotal role of Cbfa1 in the primary
process leading to precipitation of calcium-rich material at a (sub)micrometer scale.
The collective findings are in line with the notion that the early onset of deposition
of calcium-rich material in the atherosclerotic process is caused by locally increased
concentrations calcium ion and relevant anions and it is not a result of increased
expression of mineralization-regulating proteins.

Composition of calcium-phosphorus-rich deposits.
Since mineralized bone mainly consists of calcium hydroxyapatite (Ca10(PO4)6(OH)2),
here it was explored whether the composition of the early micro-calcifications mimics
the composition of bone. In literature suggestions have been made that large calcified
deposits in human aortas with advanced atherosclerotic lesions, indeed, are composed
of hydroxyapatite11, 54. Chemical bulk analysis performed by Schmid et al11 and Tamozic
and co-workers54 revealed an average calcium-to-phosphorus mass ratio of 2.16 and 2.23,
respectively. This value is close to the ratio of pure hydroxyapatite. These observations were
recently corroborated by Wolf and coworkers55 using inductively coupled plasma-mass
spectrometry in analyzing large calcium deposits in advanced lesions of human carotid
arteries. They reported an average value of 2.14. Fitzpatrick at al.56 earlier measured
values varying between 2.0 and 2.2 when analyzing human calcified coronary arteries by
means of the electron micro-probe. Finally, Bobryshev57 showed that calcified vesicles,
sized 0.1-0.5 micrometer, bound to chondrocyte-like cells, possessed a calcium-tophosphorous ratio of 2.12 ± 0.18 when analyzed with the electron microprobe. Others,
however, reported values deviant from that of hydroxyapatite. Very low ratios were
found by McCormick et al.58. In calcified matrix vesicles in human aortic and carotid
arteries they measured a mass ratio of 0.66 ± 0.22 and assumed that this low value was
caused by contamination of the calcium deposits with phosphorus-rich material such
as phospholipids. Moreover, Becker et al.12 reported a value of 1.81 for calcifications in
human aortas, interpreting this value as belonging to calcium-deficient hydroxyapatite.
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Here we analyzed the calcium-to-phosphorus ratio of 45 individual micro-calcifications
present in the early stages of atherosclerotic process (Type II to IV lesions). On the one
hand it was observed on a pixel-base that each individual calcium hot spot possessed
its own unique ratio, indicating a homogenous composition of the calcium-rich
precipitate. On the other hand, the calcium-to-phosphorus ratio greatly varied from
hotspot to hotspot. Values varying between 1.62 and 2.99 were measured. It is of note
that no clustering of values was observed around ratio’s belonging to distinct forms of
calcium phosphate crystalline configurations (figure 5.11). Therefore, the conclusion
can be drawn that the composition of the calcium and phosphorus-rich material in
the micro-calcifications is most likely amorphous calcium, in stead of hydroxyapatite,
dicalcium phosphate dehydrate, ostacalcium phosphate or Mg-substituted tricalcium
phosphate. It is of note that the average ratio tended to increase when the severity of the
lesions was taken into account. Micro-calcifications in type II lesions showed an average
value of 1.9 ± 0.2, in type IV lesions the average value amounted to 2.4 ± 0.4. Still no
indications were found for hydroxyapatite as preferential form of calcium precipitate.
The calcium-to-phosphorus ratio showed a significant increase, from about 1.9 to 2.9,
when the ratio was plotted as function of the average calcium concentration in the
individual calcium hotspot. This observation does also not support the contention that
hydroxyapatite is the main form of calcium salts in the early deposits of calcium-rich
material in atherosclerotic coronary arteries. The increase in calcium-to-phosphorus
ratio as function of the average calcium concentration of a distinct hotspot most likely
indicate that during growth of the calcium-precipitate other negative ions than phosphate
are forming insoluble complexes with the positively charged calcium ion. The present
technique does not allow for identifying the nature of the anions, but likely candidates
are carbonate, oxalate and/or urate19, 59, 60.

Accumulation of trace elements
Here, it was explored whether trace elements such as copper, iron and zinc accumulated
in the thickened intima of the coronary arteries. Analysis of the intima with the proton
microprobe did not reveal enhanced concentrations of copper above the detection limits
in the affected region. This result is at variance with previous findings of Stadler61, who
observed with the use of inductively coupled plasma mass spectroscopy elevated levels
of copper in atherosclerotic lesions of human arteries obtained via end-arterectomy. The
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difference could be explained by the fact that in the present study only early stages of
atherosclerotic lesions were scrutinized.
Local accumulations of iron and zinc were observed in the early stages of atherosclerosis.
Already in type II lesions hotspots of the two trace elements were present, predominantly
in the abluminal layer of the thickened intima. The dimensions of the hotspots were
generally small, i.e., on the order of a couple of micrometers. Interestingly, in the majority
of cases the iron hotspot coincided spatially very well with the increased deposition
of calcium-rich material. These observations suggest that a causal relationship could
exist between Fe and Ca precipitation. It is however unknown whether Fe triggers
the deposition of Ca or the other way around. Comparable findings were obtained
with respect to zinc. It should be emphasized that also a good spatial match was found
between Fe and Zn hotspots in the early stages of atherosclerosis.
Other studies also reported the presence of Fe deposits in atherosclerotic lesions. In most
studies advanced lesions were investigated3, 6, 18, 61. In a pioneering study of Pallon et al.5
the presence of Fe, surrounded by calcium-rich material, was disclosed in the vicinity of
the lamina elastica interna of human coronary arteries. Unfortunately, the authors did
not classify the stage of atherosclerosis of the material investigated. Nevertheless they
claimed that the presence of Fe is an early event in the atherosclerotic process provoking
the precipitation of calcium.
The literature on Zn accumulations in atherosclerotic lesions is not unequivocal. Both
increased5 and decreased6 concentrations of this trace-element have been reported.
Moreover, accumulation of Zn predominantly occurred in the luminal layer of the
affected intima7, which is at variance with the present observations.
The role of Fe and Zn in the pathogenesis is atherosclerosis could be multiple. Focal
elevation of Fe could provoke peroxidation of lipid material originating from LDL,
either engulfed by macrophages or deposited extracellularly by, among others, enhanced
production of oxygen free radicals62‑64. Zinc could be involved both in protective and
detrimental processes. On the one hand, Zn is a cofactor of Superoxide dismutase
(SOD), an enzyme able to scavenge oxygen free radicals and, hence, to inhibit the rate
of lipid peroxidation. On the other hand, Zn is present in the catalytic site of matrix
metallo-proteases, enzymes known to degrade tissue extracellular matrix and promoting
plaque rupture30. It is of note that these enzymes are highly expressed in atherosclerotic
lesions, particularly in association with macrophages30.
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The present experimental approach does not allow drawing firm conclusions about the
pathogenic significance of Fe and Zn in the atherosclerotic lesions, but their presence in
the early stages of atherosclerosis in conjunction with increased deposition of calciumrich material may imply a role in the onset and progression of calcification of the affected
wall.

Implications of micro-calcifications in early stages of atherosclerosis
The presence of focal deposits of calcium-rich material in the thickened intima could
have serious implications for the progression of atherosclerosis. Although it cannot be
excluded that the micro-calcifications are relatively innocent bystanders in the early
stages of the atherosclerotic process and that their detrimental properties become only
fully effective as soon as the micro-calcifications have been progressed to big lumps
or sheets of calcified material posing a burden on the atherosclerotic plaque, the early
micro-calcifications could trigger processes detrimental for the vascular wall. In this
respect, recent in vitro experiments performed by Nadra and colleagues65 are worth to
mention. These investigators observed that exposure of macrophages to calcium microcrystals elicited a pro-inflammatory response. After internalization of the crystals into
vacuoles the macrophages released increased amounts of the pro-inflammatory cytokines
TNFa, Il‑1b and Il‑8. This response was inversely related to particle size, crystals with
a diameter of 1‑2 micrometer were found to be most bioactive66. These findings suggest
that micro-calcifications in vivo may negatively affect the atherosclerotic process by
evoking an inflammatory process in the thickened intima of the vessel wall and, hence,
promote a vicious cycle of calcium deposition and inflammation.
Here we show that micro-calcifications are present in the abluminal layer of thickened
coronary artery intima during early stages of the atherosclerotic process. Further
investigations are required to identify the trigger for micro-scale deposition of calciumrich material and the pathogenic consequences of the presence of micro-calcifications in
the affected artery wall.
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Chapter 6
Calcium depositions in atherosclerotic lesions in the ApoE-/mouse carotid artery as determined with a proton microprobe: a
preliminary study
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Abstract
The present study addresses the question whether calcifications at a micrometer-scale
can occur in atherosclerotic lesions evoked in the murine vascular wall. To this end,
specific regions of a carotid artery of an ApoE‑/‑ mouse, fed with a western diet, were
exposed to low or high shear stress. The low shear stress area developed a severe form
of atherosclerosis (type V lesion). The high shear stress region remained unaffected.
Calcium depositions and locally accumulated iron and zinc, if any, were determined
with the proton microprobe.
Calcifications (calcium hotspots) could be demonstrated in the murine carotid artery
chronically exposed to low shear stress. In contrast, no calcium hotspots could be
observed in the high shear stress region. The calcium-to-phosphorus mass ratios
ranged from 0.65 to 5.88. Hydroxyapatite has a calcium-to-phosphorus mass ratios of
2.16, thus indicating that the calcium hotspot compositions can not be explained by
hydroxyapatite alone. Iron and zinc co-localized with the calcium hotspots in 50 % to
63 % of the cases. The pathogenic relationship between the local accumulation of Fe
and Zn, on the one hand, and micro-precipitations of calcium-rich material, on the
other, remains to be elucidated.
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6.1

Introduction

To explore the basic mechanisms underlying the onset and propagation of atherosclerosis
of the vascular wall, a variety of animal models has been developed during the past decade.
In particular, genetically engineered mice have been proven to provide a powerful tool
to disclose the pathogenic triggers in atherosclerotic lesions and to monitor the cellular
and molecular changes in the affected region1‑5. Of particular interest is the ApoE knock
out (ApoE‑/‑) mouse. In this model, the gene of apolipoprotein E is mutated, resulting
in a lack of biologically active ApoE. In combination with a high fat “Western diet” the
transgenic mice were found to be more prone to the development of atherosclerosis than
their unaffected littermates3, 6.
Recently, Cheng et al.7 have introduced an elegant technique to introduce atherosclerotic
lesions in a standardized fashion in the carotid artery of ApoE‑/‑ mice. Insertion of a
“flow divider” (for details see section 6.2.2) in the carotid artery created regions with
high (>10 N/m2) and low shear stress (1.5‑3.0 N/m2). Especially, the regions of the
carotid artery wall exposed to low shear stress were found to generate atherosclerotic
changes in the vascular wall.
In the present chapter, preliminary findings are presented on element analysis of tissue
material obtained from both the low and high shear stress region. The main objective of
this study was to explore whether micro-calcifications were present in the atherosclerotic
lesions in the carotid artery wall, exposed to low shear stress. In comparison, element
analysis also was performed on tissue material from the high shear stress region.
Furthermore, it was explored whether hotspots of calcium coincided with increased
concentrations of phosphorus to identify the composition of the calcium deposits with
special reference to the calcium-to-phosphorus mass ratio of the calcium hotspot. Local
alterations in the concentration of the trace elements iron and zinc were analyzed as
well. Accumulation of these trace elements, if any, in the affected wall may shed a light
on the pathological significance of iron and zinc in the onset and/or progression of the
atherosclerotic process.
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6.2

Materials and methods

6.2.1 Animals and diets
ApoE‑/‑ mice (males, 15‑20 weeks old) in C57BL/6J background were obtained from the
Jackson Laboratory, Bar Harbor, ME. During the experimental period all animals were
fed a Western type diet containing 15 % (w/v) cacao butter and 0.25 % (w/v) cholesterol
(diet W, Hope Farms, Woerden, the Netherlands). All experiments were performed in
compliance with institutional (Erasmus MC, Rotterdam, the Netherlands) and national
guidelines.

6.2.2 In vivo alteration of shear stress
To induce standardized changes in shear stress, a shear stress modifier was manufactured
of thermoplastic polyether-keton. The cast consists of two longitudinal halves of a
cylinder with a cone shaped lumen. The geometry of the cast has been designed with
computational flow dynamics software to produce vortices downstream of the cast when
placed around the common carotid artery. The upstream inner diameter is 500 μm
(non-constrictive) and gradually decreases to 250 μm at the down stream side of the cast
(constrictive). This tapering induces a gradual increase of shear stress (high shear stress
region). In addition, the constrictive stenosis decreases the blood flow, resulting in a low
shear stress region upstream from the cast (details can be found in Cheng et al.7).
After 2 weeks of Western diet, the animals were anaesthetised with isoflurane, and the
anterior cervical triangles were accessed by a sagittal anterior neck incision. The right
common carotid artery was dissected from circumferential connective tissues. The cast
was placed around the right common carotid artery, tissue was closed and the animals
were allowed to recover. Animals with cast implants were sacrificed at 9 weeks after
surgery.

6.2.3 Tissue preparation and histology
The mouse was anaesthetized with isoflurane. Through a cardiac puncture the animal
was flushed with 20 ml phosphate buffered saline (PBS), immediately followed by in
situ perfusion fixation with 20 ml 4 % (w/v) paraformaldehyde (Sigma Chemical Co.,
Zwijndrecht, the Netherlands) in PBS at a constant perfusion pressure of 100 mm Hg.
This was done to remove the blood and to fixate the tissue. The entire aortic arch with
the origins of the right and the left common carotid arteries including 5 mm of these
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vessels were carefully dissected, embedded in Tissue Tek and snap frozen in liquid
nitrogen. Cryosections were cut at a thickness of about 10 μm in a cryostat microtome
(‑30°) using Teflon coated disposable knifes and subsequently collected on Pioloform
(Agar Scientific LTD) films (thickness 100 ± 10 nm) for PIXE analysis. Both knife and
Pioloform films were precooled in the cryostat. The sections on Pioloform were dried
in the cry-microtome for at least 2 hours. Adjacent sections were collected on glass
slides. Lesion morphology was evaluated on haematoxylin-and-eosin–stained (H&E)
sections.

6.2.4 Instrumentation and analysis
The element composition of the tissues sections of the low and high stress region
was assessed with the proton microprobe techniques. Measurements were performed
with a 3 MeV proton beam accelerated with a 3.5 MV SingletronTM 8 (High Voltage
Engineering Europe B.V., Amersfoort, the Netherlands) at the Eindhoven University of
Technology. The SingletronTM is connected to a microprobe setup. Details are explained
in section 5.2.1. The analysis was performed as described in section 4.2. Detection limits
were calculated as described in section 3.4.2.

6.3

Results and discussion

6.3.1 Intimal thickening and calcium hotspots
H&E staining clearly showed that in vascular tissue derived from the carotid arteries
exposed to low shear stress an atherosclerotic lesion had developed (figure 6.1a). This
lesion was characterized by an expert pathologist on basis of the presence of macrophages
and foam cells in a thickened intima (figure 6.1a). A thick fibrous cap composed of
smooth muscle cells was present on top of the lesion. The lumen was narrowed. Such a
lesion can be classified as a AHA type V lesion9, also called fibro-atheroma. The lesion
area and narrowed lumen can also easily be seen in the hydrogen yield distribution
(figure 6.1b). In the thickened intima calcium hotspots were present in an area relatively
rich in smooth muscle cells (figure 6.1c). It is of interest to note that the hotspots were
not evenly distributed across the thickened intima but showed the propensity to cluster
in an area neighbouring the narrowed lumen. In addition, occasionally small calcium
deposits could be observed in the media of the affected wall. In contrast, in the vascular
wall of the carotid artery chronically exposed to high shear stress no foam cells were
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a)

b)

c)

Figure 6.1. (a) Carotid artery, exposed to low shear stress, showing a type V lesion (H&E
staining). The swollen intima can be easily identified, consisting of foam cells (arrow head) and
smooth muscle cells (arrow) (I; intima, M; media, L; lumen). (b) Overview of hydrogen yield
and (c) calcium yield distribution as obtained with the proton microprobe on the adjacent tissue
section (beam size 3.0 x 3.0 µm2). The scan area is 512 x 512 mm2. A colour scale is used as
displayed in figure 6.3. The small dark blue/red spots in the thickened intima (see figure 6.1c)
and occasionally in the media represent calcium deposits. More details of the area marked with
A and B in figure 6.1c are shown in figure 6.3 and figure 6.4, respectively.
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observed (figure 6.2a). The intima was composed of a monolayer of endothelial cells; no
calcium hotspots could be observed in the intima (figure 6.2c).
Calcifications in tissue sections from ApoE‑/‑ mice were also reported by others10‑13,
though mostly on the basis of von Kossa staining. Cells that morphological resemble
chondrocytes were seen in the neighbourhood of lipids and fibrous tissue in atherosclerotic
lesions12. In the direct neighbourhood of remnants of chondrocyte-like cells numerous
membrane-bound vesicles were seen in the extracellular space11. Older lesions with
reduced cellularity contained large calcifications. The few remaining chondrocyte-like
cells were located adjacent to or within the large area of calcification12. Chondrocyte-like
cells were also observed in the media part of the arteries11. In lesions induced with a high
fat diet from low density lipoprotein receptor-deficient (LDLR‑/‑) mice the calcifications
were limited to the media, as assessed by von Kossa staining14. This might indicate that
the type of calcification is mouse model dependent. It should however be kept in mind
that the von Kossa staining reacts with phosphate rather than with calcium15.

6.3.2 Element analysis of calcium hotspots
From the calcium hotspots shown in figure 6.1c a number of spots were selected
for further detailed analysis. Two examples of the calcium hotspots in the thickened
intima are shown at a higher magnification in figure 6.3 and figure 6.4. The increased
concentrations of calcium in the hotspots coincide with an increased concentration of
phosphorus and a decline in carbon and sulphur concentrations. The co-localization
with phosphorus strongly suggests that the calcium deposits are composed of a certain
type of calcium-phosphorus crystal. This aspect will be dealt with in detail below.
The decline in carbon and sulphur indicates that the micro-calcifications exclude the
presence of material normally present in the intimal layer of the carotid wall. Since
sulphur can be considered as a marker for intra- and extracellular proteins, it is clear that
the sites of increased calcium deposition are protein poor. The fact that still a measurable
amount of sulphur is present in the calcium-rich pixels indicates that only part of the
proteins in the pixel volume was replaced by calcium. Since neighbouring pixels often
show enhanced calcium concentration, the conclusion can be drawn that in general the
area of the calcium deposit is larger than the size of one pixel. We estimate therefore that
the size of the micro-calcifications as analyzed by the proton microprobe varies between
0.5 (minimum beam size) and 10 μm. This is dependent on how the micro-calcifications
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a)

b)

c)

Figure 6.2. (a) Carotid artery, chronically exposed to high shear stress, showing no pathological
changes (H&E staining). The intima, consisting of a monolayer on endothelial cells, possessed
a normal appearance (I; intima, M; media, L; lumen). (b) Overview of hydrogen yield and
(c) calcium yield distribution as obtained with the proton microprobe on the adjacent tissue
section (beam size 3.0 x 3.0 µm2). Note that the total charge was only 3 % more than in figure 6.1b
and the same yield scaling was applied. A colour scale is used as displayed in figure 6.3. The scan
area is 512 x 512 mm2.
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Figure 6.3. Concentration distributions of phosphorus, calcium, carbon, sulphur, iron and zinc,
respectively, in the marked area ‘a’ indicated in figure 6.1c. Scan parameters were as follows,
scan size: 28 x 28 µm2, pixel size: 0.9 µm, beam size: 0.8 x 0.8 µm2. Values in the column at
the right hand sides of the pictures are expressed as µg/g dry weight. Concentrations below the
detection limits were vetoed and appear white in the concentration distributions (for details see
section .4.2).
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Figure 6.4. Concentration distributions of phosphorus, calcium, carbon, sulphur, iron and zinc,
respectively, in the marked area ‘b’ indicated in figure 6.1c. Scan parameters were as follows,
scan size: 28 x 28 µm2, pixel size: 0.9 µm, beam size: 0.8 x 0.8 µm2. Values in the column at
the right hand sides of the pictures are expressed as µg/g dry weight. Concentrations below the
detection limits were vetoed and appear white in the concentration distributions (for details see
section 3.4.2).
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are positioned in the tissue section. In the 10 μm tissue sections the calcifications might
be partly cut. Moreover, the initial micro-calcifications might be composed of calcified
vesicles sized 70 nm ‑ 1 μm16. At this stage no discrimination can be made between an
intra- and extracellular localization of the micro-calcifications.
It is noteworthy that the sulphur content of the media is substantially higher than in
the adventitia and intima. This finding suggests that the protein content in the media is
more condensed or that the nature of the proteins is different in the media as compared
with the other two layers in the vascular wall.

6.3.3 Co-localization of calcium and phosphorus
To analyze the composition of the calcium deposits the calcium concentration was
compared with the phosphorus concentration in the same pixels belonging to a distinct
hotspot. As already seen in figure 6.3 and figure 6.4 the increased concentrations of
calcium and phosphorus coincided. In eight at random chosen hotspots the calcium
concentration of each individual pixel belonging to the distinct calcium hotspot was
compared to the corresponding phosphorus concentration. A criterion defined in
section 4.3.3 was used to distinguish the calcifications from the surrounding regions.
The calcium concentration in the surrounding tissue was (4 ± 2) 102 µg/g and the
calcium-to-phosphorus mass ratio 0.14 ± 0.09. A pixel was categorized as belonging to a
calcification if it had a concentration value and calcium-to-phosphorus mass ratio larger
than these values plus three standard deviations as defined in the criterion. In figure 6.5
two examples are shown. In the spot shown in figure 6.5a the calcium-to-phosphorus
ratio was found to be 5.9 ± 0.4; in contrast, the ratio in the second spot (figure 6.5b)
was 1.44 ± 0.06.
Figure 6.6 shows the calcium-to-phosphorus ratio of the eight individual spots. The large
variation in ratio strongly suggests that the composition of the calcifications varies from
spot to spot. Since most of the values greatly deviate from 2.16, i.e. hydroxyapatite, being
the most common calcium-phosphate compound in bone and advanced atherosclerotic
lesions17, 18, other crystalline forms have to be considered. The high calcium-tophosphorus ratios suggest the presence of other negatively loaded compounds in
the calcium hotspot in addition to phosphate. Candidates could be oxalate or urate,
both present in kidney stones of patients suffering from urolithiasis19, 20. The calcium169
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a)

b)

Figure 6.5. Scatter plots of calcium and phosphorus concentrations of only those pixels belonging
to the calcification are displayed in light grey. The remaining points, which don’t belong to the
calcification, are displayed as dark grey triangles. The scans were composed of 32 x 32 pixels
(beam size 0.6 x 0.8 µm2). The slope, representing the calcium-to-phosphorus mass ratio, was
obtained from a linear fit through the points belonging to a calcification. The slopes were
(a) 5.9 ± 0.4; (b) 1.44 ± 0.06.

Figure 6.6. Eight calcium-to-phosphorus ratios obtained in the carotid artery, exposed to low
shear stress.
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to-phosporus ratio below 2.16 might indicate the presence of dicalcium phosphate
dihydrate or calcium pyrophosphate dihydrate. Unfortunately, the present experimental
approach does not allow for precise analytical determination of the counter-ions of the
precipitated calcium. Also, it can not be excluded that the hotspots consist of a mixture
distinct calcium-phosphate compounds.
The calcium-to-phosphorus mass ratios were sometimes much lower or higher than
observed in human atherosclerotic lesions (section 5.3.2 of this thesis). This might
indicates that the calcium phosphate depositions in the murine atherosclerotic lesions
arise in a different chemical form and/or via a different pathological process.

6.3.4 Sharp boundaries of the calcium hotspots
The question arises whether the calcium hotspots are superimposed on an area with
increased calcium deposition or are local precipitates of calcified material in a region
with normal low calcium concentrations. To answer this question scans have been made
from at random chosen regions in the media and adventitia of the wall exposed to high
shear stress (non-atherosclerotic region) and regions in the affected wall, i.e. the low
shear stress wall, visually devoid of calcium hotspots. The average element concentrations
and associated standard deviation are shown in table 6.1. It is of interest to note that
the average calcium concentrations are in the same order of magnitude as previously
measured in healthy myocardium21, both for the region exposed to low and high shear
stress, indicating that the “overall” vascular wall calcium concentration is not changed in
a thickened intima. The same holds for the other elements measured. The conclusion can

Table 6.1. Average concentration values and associated standard deviation (mg/g) of random
chosen regions in the low shear stress regions, which did not show any calcium hotspots, and in
the high shear stress regions.

element
C
P
S
Ca
Fe
Zn

intima

media

low shear stress

low shear stress

(94 ± 2) 10
(7 ± 2) 103
(4 ± 2) 103
(3 ± 1) 102
(11 ± 5) 101
(5 ± 2) 101
4

adventitia
high shear stress

(93 ± 2) 10
(7 ± 2) 103
(60 ± 6) 102
(6 ± 1) 102
(10 ± 6) 101
(6 ± 1) 101
4

low shear stress

(86 ± 2) 10
(6 ± 2) 103
(60 ± 9) 102
(4 ± 1) 102
(13 ± 7) 101
(6 ± 3) 101
4

high shear stress

(87 ± 5) 10
(4 ± 3) 103
(3 ± 2) 103
(3 ± 1) 102
(7 ± 2) 102
(6 ± 2) 101
4

(87 ± 3) 104
(5 ± 2) 103
(4 ± 1) 103
(3 ± 1) 102
(2 ± 2) 102
(5 ± 3) 101
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therefore be drawn that in areas devoid of micro-calcifications no substantial changes in
element concentrations occurred in the atheromatous region.
To explore the above raised issue in more detail line scans were made through a
region containing one or more calcium hotspots. A typical example of a line scan is
shown in figure 6.7. This figure clearly shows that the calcium concentration in the
neighbourhood of a calcium hotspot precipitously increases to a value 160 times higher
than background. The maximal value was reached within 5 pixels (corresponding in this
analysis with 4 mm) from pixels with background calcium concentrations. The collective
findings indicate therefore that a micro-calcification is an isolated event and not the
result of overall increase in calcium concentration in the affected vascular wall.
It has been shown in the past that in atherosclerotic lesions a subpopulation of smooth
muscle cells are present which can form calcified nodules22. The formation of matrix

Ca

P

C

S

Figure 6.7. Concentration distributions of calcium (Ca), phosphorus (P), carbon (C) and sulphur
(S) obtained from a line-scan through a calcification. The increase of the calcium concentrations
corresponds with an increase in phosphorus and a decrease in carbon and sulphur.
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vesicles of such cells can be the result of apoptosis23, though might also occur in the
presence of increased levels of extracellular calcium and phosphorus16. The size of the
vesicles range from ~70 nm to 1.0 mm16. The local release of such vesicles might explain
the isolated calcifications observed in this study and explains the absence of a general
increase of calcium in the atherosclerotic lesion.

6.3.5 Co-localization of trace-elements iron and zinc
To investigate whether a spatial relationship exists between calcium deposition and that
of trace elements such as Fe and Zn special attention was paid to these two trace elements.
Analysis was done as described in section 5.3.3. Detailed information on Fe and Zn
accumulation in the affected wall could shed light on the involvement of these trace
elements in the atherosclerotic process. In general, small spots with increased Fe and or
Zn were found in the thickened intima. In a small majority of cases Fe accumulation
coincided with calcium increased deposition (table 6.2). No co-localisation between
calcium and elements such as Fe and Zn occurred in respectively 37 % and 50 % of the
cases. It should be stated that occasionally Fe accumulation was observed remote from
the calcium hotspot while the calcium hotspot itself was devoid of Fe. Figure 6.3 shows
an example of a precise co-localization; in figure 6.4 the spatial relationship between
Fe accumulation and the calcium hotspots was less clear. Figure 6.4 shows a reasonable
co-localization of Zn and Ca. Because co-localization of Ca accumulations on the one
hand and Fe and Zn on the other did not show a complete consistency, one can only
Table 6.2. Co-localization of iron and/or zinc at a micro-calcification as assessed semiquantitatively from the element distributions (n = 8, scan size: 28 µm by 28 µm). These are
classified as I, perfect co-localization; II, trace-element near the micro-calcification (within about
1 to 2 mm); III, trace-element near the micro-calcification (within about 3 to 4 µm); IV, no traceelement identified at or near the micro-calcification (within about 0 to 4 µm). The uncertainty
in these numbers is about 10 %.

I
II
III
IV

Ca-Fe
50 %
13 %
0%
37 %

Ca-Zn
50 %
0%
12 %
38 %

Ca-Fe-Zn
25 %
13 %
12 %
50 %
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speculate about the causes and consequences of local Fe and Zn accumulations in the
affected carotid wall.

6.4

Conclusion

Atherosclerotic calcifications in ApoE‑/‑ mice have been reported, but to our knowledge
studies on the element composition of these calcifications in atherosclerotic lesions
from ApoE‑/‑ mice have not been described in literature before. In this study we showed
that calcifications appear locally in murine atherosclerotic lesions and these appeared
locally. The calcifications were present both in the thickened intima and in the media of
low shear stress regions in areas rich in smooth muscle cells. Iron and zinc co-localized
occasionally with these calcium-rich precipitates. The calcium phosphate depositions
were composed of calcium to phosphorus ratios ranging from 0.65 ± 0.02 to 5.9 ± 0.4,
which is a much larger range than observed in human coronary arteries (chapter 5).
These findings indicate that the composition differs between human and murine
atherosclerotic calcifications. The question whether this implies that the nature of the
atherosclerotic process is different between human and murine vascular tissue warrants
further investigations. Further studies are also required to elucidate the pathogenic
significance of micro-calcifications in the low-shear stress regions of the affected carotid
wall and the relationship between the focal accumulation of zinc and iron in the same
areas.
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In this work it was investigated if calcium phosphate depositions and trace-elements
are present in early, i.e. pre-atheromatous, lesions using a proton microprobe. The work
presented in this thesis is twofold, namely one part focuses on the proton microprobe
and the other part on the atherosclerotic calcifications.

7.1

Proton microprobe

A combination of proton-beam techniques with a (sub-)micrometer resolution were
simultaneously applied on tissue sections of human coronary arteries, i.e. microProton Induced X-ray Emission (PIXE), Backscattering (BS) and Forward Scattering
(FS) Spectroscopy1. With these techniques the composition of a tissue section in terms
of chemical elements can be assessed with an absolute specificity, a high sensitivity
(microgram per gram dry weight concentration levels), and (sub-)micrometer spatial
resolution. For this technique high energy protons are required and these are produced
utilizing an acquired accelerator (SingletronTM, High Voltage Engineering Europe B.V.,
Amersfoort, the Netherlands). The accelerator was installed and connected to a proton
microprobe setup. To study the micro-calcifications at an early stage careful attention was
paid to the proton beam diameter size. The sizes of the object and aperture diaphragms as
well as the configuration and setting of the four quadrupoles were optimized. The profiles
and sizes of the proton beam were measured with cross-shaped micro structures on a
focusing sample. These structures, composed of tungsten/titanium, are about 100 nm
thick and have typical diameters ranging from 0.3 to 2.0 mm and reside on a Silicon
oxide / Silicon backing. The measured beam size has been reduced to about 0.5 to
0.5 mm2 at best. Such a beam size was still coupled with an adequate beam current to
be able to apply the analytical methods within a reasonable measurement time. The
position of the beam relative to the position of the sample and its size were constant
during the time needed for a measurement. The horizontal dimension varied between
0.5 and 0.7 mm and the vertical direction varied between 0.6 and 0.7 mm in a time
period of 8 hours.
In order to quantify the calcium-to-phosphorus ratio a specific X-ray absorber used for
PIXE was gauged with a thin target KH2PO4 reference sample. Inside the sample, protons
can lose their energy and X-rays can be attenuated. These two effects influence the
calculated value of the calcium-to-phosphorus ratio and, hence, corrective calculations
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were validated with the use of intermediate thick target reference sections (KH2PO4) and
thick target reference samples (KH2PO4 and Ca10(PO4)6(OH)2 pellets, respectively). The
potassium-to-phosphorus ratios are well in the range of the expected value, independent
of the areal mass density. Some systematic deviation was seen in the measured calciumto-phosphorus ratios. A likely explanation is that the uncertainties were underestimated
since no error propagation in the thick target correction was performed. A second ultraLEGe detector with a larger surface area was introduced for the detection of X-rays
(PIXE) corresponding to iron and zinc. A beryllium absorber was placed in front of
this X-ray detector to reduce the pile-up of calcium and still detect iron and zinc with
a high efficiency. The solid angles of the detectors were optimized for the detection of
phosphorus, calcium and trace-elements. The detection limits were in the order of mg/g
for the trace-elements.
A new data acquisition hardware and software system with graphical user interface
was introduced which remotely controlled the proton microprobe setup. This made it
possible to acquire large datasets. New analysis software with graphical user interface
was written, which had the advantage of monitoring the experiment in a flexible way
and data analysis speed was improved dramatically. The total off-line analysis took up
30 to 45 minutes instead of 8 to 10 hours on the previous system, which was also prone
to human errors.

7.2

Atherosclerotic calcifications

Background. A prominent feature of advanced atherosclerotic lesions is large calcified
deposits, mostly within a core of extracellular lipid2. At present it is thought that the
initial calcium deposits start to appear when an atheroma has formed as observed with
optical microscopy3. In lesions preceding atheromas calcifications are rarely observed
with optical microscopy, as the standard histological staining methods (e.g. the von Kossa
staining) are probably lacking sufficient sensitivity. Moreover, von Kossa staining is
specific for phosphorus in stead of calcium4. It should be noted that a small number of
studies have been published indicating the appearance of calcifications already in the
pre-atheroma stage of atherosclerosis5, 6, 7.
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Micro-calcification have been identified near extracellular lipids2, 8, apoptotic cells9
and smooth muscle cells10, but also osteoblast-like cells have been associated with the
deposition of calcium-rich material in atherosclerotic lesions11, 12.
Earlier studies of Stary2 suggest an intracellular localization of the onset of calcium
deposition, predominantly in the smooth muscle cells, the presence of which is
augmented in the thickened intima. Watson et al.13 reported that in particular vascular
smooth muscle cells with osteoblastic properties were able to initiate the calcification
process. An extracellular localization of the nidus is often associated with extracellular
vesicles, group-wise positioned along elastic fibers and smooth muscle cells6, 14‑20. Jeziorska
et al.7 reported a close association of micro-calcifications in areas with small pools of
extracellular lipids, corroborating the studies of Guyton and coworkers5 pointing to a
co-localization of increased calcium deposition and cholesterol crystals in the abluminal
part of the affected intima. From a chemical point of view deposition of insoluble
calcium salts starts when the solubility product of the calcium ion and accompanying
anions is surpassed locally. The nidus may be apoptotic or necrotic cellular material
as has been suggested by Stary2 or Proudfoot et al.21. Moreover, deposition of lipidic
material could also serve as a site where calcium ions accumulate eventually leading to
the local precipitation of insoluble calcium salts. All the possibilities represent processes
being basically passive in nature. It is of note that not only the cell types involved in
the earliest calcium depositions remains to be elucidated; also the primary trigger for
enhanced calcium deposition is incompletely understood.
Present study. To explore the presence of calcifications in the intimal layer of the arterial
wall at a pre-atheroma stage of atherosclerosis measurements with the proton beam were
performed on human coronary arteries with minor lesions. This objective required that
consecutive scans were made that cover the whole cross section of a coronary artery wall
to obtain an overview of the calcium distribution in the entire artery wall. Afterwards
scans were made of areas of 14 µm x 14 µm or 28 µm x 28 µm. Using the proton-beam
techniques micro-calcifications could already be observed in the abluminal layer of
the thickened intima of early human atherosclerotic lesions, classified as type II lesion
according to the AHA22. The conclusion can therefore be drawn that deposition of
calcium-rich material at a (sub)micometer scale is an early event in pre-atheromatous
stages of the atherosclerotic process. The size of the calcifications that could be resolved
by the proton microprobe was limited by the beam size, namely 0.6 x 0.6 µm2. Smaller
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calcifications might be present, but could not be demonstrated with the techniques used
in this study. In literature it has been reported that the earliest calcified vesicles can range
in size from about 70 nm to 1 µm23 as determined with electron microscopy. To detect
such calcified vesicles a smaller proton beam size is necessary.

7.2.1 Composition of calcium-phosphorus-rich deposits
Background. Chemical bulk analysis by Schmid et al.24 of the mineral part of human
aortas with advanced atherosclerotic lesions revealed a mass ratio of calcium-tophosphorus close to that of hydroxyapatite, i.e., 2.16, which is the main constituent
of bone tissue24. With the use of chemical bulk analysis Tomazic et al.25 showed that
deproteinated cardiovascular mineral deposits retrieved from human aortas possessed
a calcium-to-phosphorus mass ratio of 2.23 ± 0.18. These observations were recently
corroborated by Wolf et al.26 using inductively coupled plasma-mass spectrometry in
analyzing large calcium deposits in advanced lesions of human carotid arteries. They
reported an average value of 2.14. Fitzpatrick at al.27 earlier measured values varying
between 2.0 and 2.2 when analyzing human calcified coronary arteries by means of the
electron micro-probe. Finally Bobryshev12 showed that calcified vesicles, sized 0.1‑0.5
micrometer, bound to chondrocyte-like cells, possessed a calcium-to-phosphorus ratio
of 2.12 ± 0.18 when analyzed with the electron microprobe.
In contrast, others found lower mass ratios of calcium to phosphorus in atherosclerotic
plaques 18. Precursors of hydroxyapatite like dicalcium phosphate dehydrate (Ca/P mass
ratio 1.29), octacalcium phosphate (Ca/P mass ratio 1.72) or Mg-substituted tricalcium
phosphate (Ca/P mass ratio 1.94) have also been reported28. It should be emphasized
that the majority of the above-mentioned studies focussed on advanced atherosclerotic
lesions. Data about the composition of micrometer-size calcifications at a pre-atheroma
stage of the atherosclerotic process are scarce. Detailed information on the nature of
the calcium crystals composing the micro-calcifications could help to understand the
mechanisms underlying the deposition of calcium-rich material during the early stages
of atherosclerosis.
Present study. Calcium-to-phosphorus mass ratios were analyzed of 45 individual microcalcifications present in the early stages of atherosclerotic process (Type II to IV lesions).
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On the one hand, it was observed on a pixel-base that each individual calcium hot
spot possessed its own unique ratio, indicating a homogenous composition of the
distinct calcium-rich precipitate. On the other hand, the calcium-to-phosphorus ratio
greatly varied from hotspot to hotspot. Values varying between 1.62 and 2.99 (3 %
uncertainty) were obtained. This contradicts the values described in literature. Therefore,
the conclusion can be drawn that the composition of the calcium and phosphorus-rich
material in the micro-calcifications is most likely amorphous calcium. However the
present findings do not exclude that the micro-calcifications are composed of a mixture
of distinct calcium phosphate compounds.

7.2.2 Accumulation of trace elements
Background. Previous studies have shown that the trace elements iron and zinc
accumulate in atherosclerotic lesions of patients29‑31 and experimental animals32, 33. In
human aortas with advanced lesions large aggregated calcium deposits were found to
correspond with iron accumulation as seen with Prussian blue staining14 A pioneering
study of Pallon et al.31 revealed that micro-calcifications and hotspots of iron and zinc
coincided, in particular in areas in close vicinity of the lamina elastica interna of the
affected intimal layer. Data on the presence of iron and zinc accumulations and their
co-localization with micro-calcifications during early stages of atherosclerosis is scarce.
This kind of information might be of use to rate the pathogenic significance of increased
concentrations of trace-elements in the onset and progression of the atherosclerotic
process.
The role of Fe and Zn in the pathogenesis is atherosclerosis could be multiple. Focal
elevation of Fe could provoke peroxidation of lipid material originating from LDL,
either engulfed by macrophages or deposited extracellularly by, among others, enhanced
production of oxygen free radicals34‑36. Zinc could be involved both in protective and
detrimental processes. On the one hand, Zn is a cofactor of Superoxide dismutase
(SOD), an enzyme able to scavenge oxygen free radicals and, hence, to inhibit the rate
of lipid peroxidation. On the other hand, Zn is present in the catalytic site of matrix
metallo-proteases, enzymes known to degrade tissue extracellular matrix and promoting
plaque rupture37. It is of note that these enzymes are highly expressed in atherosclerotic
lesions, particularly in association with macrophages37.
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Present study. Here, it was shown that already in type II lesions hotspots of iron and zinc
were present, predominantly in the abluminal layer of the thickened intima. The present
experimental approach does not allow drawing firm conclusions about the pathogenic
significance of the two trace elements in the atherosclerotic process, but their presence in
the early stages of atherosclerosis in conjunction with increased deposition of calciumrich material may imply a role in the onset and progression of calcification of the affected
wall.

7.2.3 Molecular regulation of atherosclerotic calcification
Background. The causes of calcium deposition in atherosclerotic lesions are still
incompletely understood. However, evidence has been provided that the atherosclerotic
calcification process could be an actively regulated process involving bone matrix
regulatory proteins, both activators and inhibitors38. Osteo-regulatory proteins such as
Matrix Gla Proteins (MGP), osteocalcin (OC), Bone Morphogenetic Protein 2 (BMP2) and Core binding factor-a1 (Cbfa1), are thought to be actively involved in the
calcification of atherosclerotic lesions39‑42. Whether the bone regulatory proteins also
play a role in early stages of atherosclerosis is basically unknown.
Shanahan et al.43 earlier reported that matrix Gla protein (MGP) is expressed by
macrophages and smooth muscle cells in atherosclerotic lesions in close vicinity of
deposits of calcified material. Later studies44, 45 showed that vascular cells in culture
increased the expression of MGP during differentiation and deposition of mineralized
material. Osteocalcin (OC or bone Gla protein) exerts a mitigating effect on bone
formation46. OC is one of the most abundantly expressed non-collagenous proteins by
osteoblasts, promoting adhesion and chemotaxis in osteoclasts47. Other proteins such as
Bone Morphogenetic Proteins (BMP) are known to mediate ectopic bone formation48,
since BMPs can induce the transdifferentiation of mesenchymal cells into osteoblasts.
Especially BMP‑2 exerts a potent action on osteoblast differentiation49. It has been
shown earlier that the expression of BMP‑2 is increased in atherosclerotic lesions with
enhanced deposition of calcified material38, 50. Core binding factor‑a1 (Cbfa1) is a
protein which is known to regulate osteoblast and chondrocyte differentiation51, 52. In
general, enhanced expression of Cbfa1 precedes the formation of bone51, 52.
Additional information indicates that calcification can induce an inflammatory response.
In vitro exposure of macrophages to basic calcium phosphate elicited a proinflammatory
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response53. After internalization of the calcium-phosphate crystals into vacuoles the
macrophages released increased amounts of the pro-inflammatory cytokines TNFa,
Il‑1b and Il‑8. This was inversely related to particle size, with crystals of 1‑2 mm diameter
the most bioactive54.
Present study. The present findings clearly indicate that the early occurrence of microcalcifications preceded the increased expression of MGP. Because MGP possesses
the property to bind calcium ions and, hence, to inhibit the formation of insoluble
calcium salts55, 56, the increased expression of MGP following the formation of microcalcifications could point to an adaptive mechanism in the affected intima to mitigate
or prevent further deposition and/or growth of calcified material.
Here it was shown that increased expression of OC is a relatively late phenomenon in the
sequel of events of the atherosclerotic process. Only in type IV lesions, corresponding
with atheroma, and in more severely affected areas the OC expression was found to be
enhanced. This observation underscores earlier findings of increased levels of OC in
calcified atherosclerotic plaques and aortic valves57 and the presence of OC in type V
and VI lesions in human atherosclerotic carotid arteries58.
The present findings indicate that BMP‑2 expression is increased after the earliest
presence of micro-calcifications in the affected intima. It is therefore less likely that
BMP‑2 is involved in the onset of deposition of calcium-rich material in the early
stages of atherosclerosis. However, BMP‑2 could play a pivotal role in the acceleration
of the calcifying process in the affected intima. The same holds for Cbfa1. It should
be emphasized that in the atherosclerotic coronary arteries under investigation Cbfa1
expression was found to be increased in type IV lesions and beyond, diffusely in the
affected intima. This finding excludes therefore a pivotal role of Cbfa1 in the primary
process leading to precipitation of calcium-rich material at a (sub)micrometer scale.
The collective findings are therefore in line with the notion that the early onset of
deposition of calcium-rich material in the atherosclerotic process is caused by locally
increased concentrations calcium ion and relevant anions, exceeding their solubility
product, rather than the result of enhanced expression of mineralization-regulating
proteins.
Here, it was demonstrated that calcifications appear early in the atherosclerotic disease
process. These findings suggest that micro-calcifications in vivo may negatively affect
the atherosclerotic process by evoking an inflammatory process in the thickened
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intima of the vessel wall and, hence, promote a vicious cycle of calcium deposition
and inflammation. This hypothesis warrants detailed investigations in experimentally
induced atherosclerosis.

7.2.4 Atherosclerotic calcifications in mice
Background. Genetically engineered mouse models have been created to mimic the
atherosclerosis process as observed in humans. Of particular interest is the ApoE knock
out, ApoE-/- mouse. In combination with a high fat “Western diet” the transgenic mice
were found to be more prone to the development of atherosclerosis than their wildtype littermates59, 60. Recently, Cheng et al.61 have introduced an elegant technique
to introduce atherosclerotic lesions in a standardized fashion in the carotid artery of
ApoE‑/‑ mice. Insertion of a “flow divider” in the artery created regions with high and
low shear stress. Especially, the regions of the carotid artery wall exposed to low shear
stress were found to generate atherosclerotic changes in the vascular wall.
Present study. Here, it was shown that the chronic exposure of low shear stress of
the mouse carotid artery wall resulted in an advanced atherosclerotic AHA type V
lesion22 containing micrometer-sized calcifications. The calcium deposits were mainly
observed in the thickened intima and occasionally in the media. The calcium phosphate
depositions were composed of calcium to phosphorous ratios ranging from 0.65 ± 0.02
to 5.9 ± 0.4, strongly suggesting the presence of calcium phosphate crystals different
from hydroxyapatite, being the main constituent of bone.
The co-localization of calcium with iron and zinc was observed occasionally in the
calcium hotspots. The pathogenic significance of the latter finding requires further
investigation.

7.2.5 Concluding remarks and future perspectives
In this work it is shown that micro-calcifications are present in the abluminal layer of
thickened coronary artery intima during early stages of the atherosclerotic process. These
were investigated with a proton microprobe with a beam size larger than 0.5 * 0.5 µm2.
Smaller calcifications could not be detected. A hypothesis is that calcification can start in
matrix vesicles, which can be the result of apoptosis9. The size of such vesicles can range
from ~70 nm to 1.0 mm23 and smaller beams are necessary to resolve them. Smaller
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beam sizes might be reached by new, smaller, quadrupoles. with a focussing sample
with smaller structures and possibly better quadrupoles. Also, the manner in which
the calcifications were selected (section 5.3.2) excluded the measurements on smaller
calcifications. Future improvements on the proton microprobe are necessary to enable
measurements on even smaller calcifications. The new accelerator, proton microprobe
setup, new data acquisition hardware and software system, and new analysis software
greatly improved the proton-beam experiments in the sense of time needed for the
experiments and miniaturization of the beam size.
With the proton microprobe the composition of chemical elements in the artery wall
can be obtained, but the trigger for the calcifications could not be elucidated. Further
investigations are required to identify the factors, triggering the micro-scale deposition
of calcium-rich material and the pathogenic consequences of the presence of microcalcifications in the affected artery wall. At this moment it is also not clear if the
calcifications precede the inflammation process of atherosclerosis or if they are resulting
from the inflammation process.
The calcifications in carotid arteries in an ApoE‑/‑ mice appeared to have a different
composition than observed in human coronary arteries. Further investigations are
needed, but this could mean that the atherosclerotic calcification in mice originates
from a different process.
The presence of trace-elements in atherosclerotic lesions has been determined, though
its role in the disease process has not yet been elucidated. The co-localization of iron-,
or zinc-containing enzymes involved in the atherosclerotic process, as determined with
the immunohistochemistry, with these trace-elements, as observed with proton-beam
techniques with a (sub‑) micrometer resolution, will give further explanation of the role
of these trace-elements.
At this moment no treatment is available for reducing the burden of calcification in
the atherosclerotic arteries. Lipid-lowering therapies normally result in reducing the
lesion volume, but the calcified lesion volume remains unaffected62. Such therapies can
however slow down the progression of the calcified lesion volume63, 64. Moreover, studies
are undertaken to investigate if polyphosphates such as phytate can act as a vascular
calcification inhibitor65. The efficacy of these interventions can be measured by means
of the proton-beam techniques.
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Atherosclerosis is a progressive inflammatory vascular disease accompanied by a gradual
build-up of cholesterol in the artery walls. The associated chronic inflammatory process
leads to tissue damage in the vascular wall as a consequence of an excessive inflammatory
response. Large calcified deposits of the intimal lesions are a prominent feature of advanced
atherosclerotic lesions. The degree of these calcifications in the coronary arteries correlates
highly with the severity of coronary plaque burden and is thus associated with increased
cardiovascular risk. In lesions preceding atheromas calcifications are rarely observed,
most likely because of insufficient sensitivity and/or specificity of the techniques used.
It is generally thought that calcifications are composed of hydroxyapatite in advanced
atherosclerotic lesions and that atherosclerotic calcification occurs passively as the result
of precipitation of calcified material in cores of dying cells. However, recent findings
might indicate that atherosclerotic calcification is an actively regulated process involving,
among others, bone matrix regulatory proteins.
Most information on atherosclerotic calcifications deals with advanced intimal
lesions and chemical analysis was mainly performed on larger, solid crystals. Data
about the distribution and composition of the calcifications at a very early stage of
the atherosclerotic process are scarce, as is information whether trace-elements could
be involved in the calcification process. Chemical bulk analysis of the mineral part
of human aortas, with advanced atherosclerotic lesions, showed that the average
mass ratio of calcium to phosphorus is close to the ratio of hydroxyapatite, i.e. 2.16,
which is the main constituent of bone tissue1. Though, others found lower ratios of
calcium to phosphorus in atherosclerotic plaques2, 3. Also traces of iron and zinc were
occasionally observed in these bulk analyses. In a pioneering study of by Pallon et al.4
the co‑localization of iron and zinc with calcium granules, 10 to 20 m in diameter, was
observed in early atherosclerotic lesions in human coronary arteries. These observations
incited our interest in the pathological significance of calcium precipitations in the
early phase of atherosclerosis and the role of trace-elements, such as iron and zinc.
The pathophysiological background of the subject of this thesis is summarized in
chapter 2.
To investigate the distribution, composition (calcium‑to‑phosphorus mass ratio) and
trace-element contents of calcifications in early atherosclerotic lesions a technique was
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applied with high sensitivity, specificity and resolution, i.e., micro‑Proton Induced X-ray
Emission in combination with Backscattering and Forward Scattering Spectroscopy5, 6.
With this technique pixel wise element concentration maps can be created to visualize
the distribution of elements, like calcium and phosphorus, in cryosections of artery
wall tissues. The technique is very sensitive enabling element concentration maps of
trace-elements like iron and zinc to be obtained. For this technique high energy protons
are required and these are produced utilizing an acquired accelerator (SingletronTM,
High Voltage Engineering Europe B.V., Amersfoort, the Netherlands). The accelerator
is connected to a proton microprobe setup, which was optimized for the detection of
trace-elements at hotspots of calcium. The proton-beam was miniaturization, as the
size of the calcifications is expected to be in the range of micrometers or even smaller.
The settings for the object and aperture diaphragms were optimized as well as for the
quadrupoles. The profiles and sizes of the proton beam were measured. The measured
beam size has been reduced to about 0.5 to 0.5 m2 at best. The position of the beam
relative to the position of the sample and its size were constant during the time needed
for a measurement.
A beryllium absorber with calibrated thickness was placed in front of an X-ray detector
for the detection of characteristic X-rays (PIXE) corresponding to, for instance,
phosphorus and calcium. A second ultra‑LEGe detector with a larger surface area was
introduced for the detection of X-rays (PIXE) corresponding to iron and zinc. The solid
angles of the detectors were optimized for the detection of phosphorus, calcium and
trace‑elements. The detection limits were in the order of g/g for the trace-elements.
A new data acquisition hardware and software system with graphical user interface
was introduced which remotely controlled the proton microprobe setup. This made it
possible to acquire large datasets. New analysis software with graphical user interface
was written, which had the advantage of monitoring the experiment in a flexible way
and data analysis speed was improved dramatically (chapter 3).
The proton microprobe was applied to obtain directly the distribution of calcifications
in entire cross‑sections of human coronary arteries with lesions preceding artheromas.
This objective required that consecutive scans were made that cover the whole cross
section of a coronary artery wall to obtain an overview of the calcium distribution in
the entire artery wall. The composition of the micro-calcifications was deduced from
the calcium‑to‑phosphorus ratio. In order to quantify the calcium‑to‑phosphorus ratio
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a specific X‑ray absorber used for PIXE was gauged with a reference sample. Inside
the sample, protons can lose their energy and X-rays can be attenuated. These two
effects influence the estimated values of the calcium‑to‑phosphorus ratio and, hence,
corrective calculations were validated. To obtain the calcium‑to‑phosphorus ratio of
a calcification the calcium and phosphorus concentrations of pixels belonging to the
micro-calcification were represented in a scatter plot. The slope of a linear fit through
the calcium and phosphorus concentrations in the scatter plot provides a reliable value
of the calcium‑to‑phosphorus mass ratio of the micro-calcification (chapter 4).

Tissue sections of coronary artery walls containing AHA (American Heart Association)
type I to VII atherosclerotic lesions from patients who died from non-cardiac causes were
the subject of investigation. Calcium deposits at a (sub)micrometer scale were observed
in the thickened intima already in early pre-atheromatous stages of atherosclerosis
(type II lesions), predominantly in the abluminal region of the intima. The occurrence
of micro-calcifications increased in more severe stages of atherosclerosis. In type VII
lesions big lumps of calcified material could be easily observed. The composition of
the micro-calcifications, i.e. the calcium-to-phosphorus mass ratio, was investigated in
type II, III, and IV lesions and micro-calcifications displayed a range of values (1.62
to 2.99). However, the calcium-to-phosphorus ratio was very homogeneous within a
given hotspot: each micro-calcification area displayed a unique calcium‑to‑phosphorus
ratio, which might be dependant on the local environment. The range of calciumto-phosphorus mass ratios strongly suggests that the micro-calcifications consisted
of amorphous calcium-phosphate crystals and was not restricted to hydroxyapatite.
However, it can not be excluded that the hotspots consist of a mixture distinct calciumphosphate compounds. For all the calcium hotspots described above also trace-elements
were monitored. The detection limits for iron, copper and zinc were respectively 7, 5
and 5 g/g. In none of the areas investigated copper could be found above the detection
limit. The majority of the calcifications showed co‑localisation with hotspots of iron and
zinc. This finding might imply a pathogenic relationship between calcium precipitation
on the one hand and iron and zinc on the other in these early atherosclerotic lesions
in human coronary arteries. The pathophysiological significance and the underlying
mechanism of this relationship are, however, incompletely understood.
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The involvement of bone matrix regulatory proteins during the calcification process was
studied with immunohistochemistry. The occurrence of micro-calcifications preceded
the expression of proteins actively involved in bone formation such as Matrix Gla
Protein (MGP). Because MGP possesses the property to bind calcium ions and, hence,
to inhibit the formation of insoluble calcium salts7, 8, the increased expression of MGP
following the formation of micro-calcifications could point to an adaptive mechanism in
the affected intima to mitigate or prevent further deposition and/or growth of calcified
material. Increased expression of Bone morphogenetic protein‑2 and Osteocalcin could
only be observed in advanced stages of atherosclerosis when an atheroma had formed.
Osteocalcin (OC or bone Gla protein) also exerts a mitigating effect on bone formation,
but Bone Morphogenetic Proteins (BMP) are known to mediate ectopic bone formation.
The same holds for Core binding factor‑1, showing a diffuse expression in advanced
atherosclerotic lesions. This protein is known to regulate osteoblast and chondrocyte
differentiation. The present findings infer that the formation of calcium phosphate
granules is an early event in the atherosclerotic process and that the early deposition
of calcium-rich material at the microscale is most likely not regulated by bone matrix
regulatory proteins (chapter 5).
In a carotid artery of an ApoE-/- mouse with an advanced atherosclerotic lesion (AHA
type V lesion) also showed the presence of micro-calcifications. Atherosclerosis occurred
in the low shear stress region. The high shear stress region remained unaffected. The
calcifications were present both in the thickened intima and in the media of the low shear
stress region. The calcium-to-phosphorus mass ratios ranged from 0.65 to 5.9, which is
a much broader range than observed in human coronary arteries. These findings indicate
that the composition differs between human and murine atherosclerotic calcifications.
The question whether this implies that the nature of the atherosclerotic process is different
between human and murine vascular tissue warrants further investigations (chapter 6).
The findings described in this thesis are summarized and discussed in chapter 7.
The main conclusions of the studies described in this thesis are that calcifications are
present in very early atherosclerotic lesions as measured with a combination of protonbeam techniques. The composition of the micro-calcifications, i.e., the calcium-tophosphorus mass ratio, in human coronary arteries displayed a range of values (1.62 to
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2.99), strongly suggesting that the micro-calcifications consisted of amorphous calciumphosphate crystals. The calcifications showed co-localisation with iron and zinc. This
finding might imply a pathogenic relationship between calcium precipitation on the one
hand and iron and zinc on the other. The present findings also indicate that the early
deposition of calcium-rich material precedes the expression of bone matrix regulatory
proteins.
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Atherosclerosis is een progressief inflammatoire vasculaire ziekte die gekenmerkt wordt
door een geleidelijke opstapeling van cholesterol in de arteriële vaatwand. Als gevolg
hiervan ontstaat er een excessief chronisch ontstekingproces hetgeen tot beschadiging
van het weefsel in de vaatwand leidt. Een prominent kenmerk van vergevorderde
atherosclerotische laesies is de aanwezigheid van grote calcificaties. De mate van
deze calcificaties in de coronaire arteriën correleert in hoge mate met de ernst van de
coronaire plaques en is daarom gerelateerd aan een verhoogd cardiovasculair risico. In
laesies, voorafgaand aan atheromas, worden calcificaties zelden waargenomen, omdat
hoogstwaarschijnlijk de gebruikte technieken onvoldoende gevoelig en/of niet specifiek
genoeg zijn. Het wordt algemeen aangenomen dat calcificaties in vergevorderde
atherosclerotische laesies zijn samengesteld uit hydroxyapatiet en dat atherosclerotische
calcificaties passief ontstaan als het resultaat van precipitatie van gecalcificeerd materiaal in
gebieden van stervende cellen. Echter, recente bevindingen duiden op atherosclerotische
calcificaties als een actief gereguleerd proces waarbij onder meer bot- regulerende eiwitten
zijn betrokken.
De meeste informatie over atherosclerotische calcificaties gaat over vergevorderde, intimale
laesies en de meeste chemische analyses werden uitgevoerd op grote calciumbevattende
kristallen. Gegevens aangaande de distributie en compositie van de calcificaties in een
vroeg stadium van het atherosclerotisch proces zijn schaars alsook informatie omtrent de
vraag of sporenelementen betrokken zijn bij het calcificatieproces. Chemische bulkanalyse
van het minerale deel van humane aorta’s met vergevorderde atherosclerotische laesies
lieten zien dat de gemiddelde massaratio van calcium op fosfor dicht ligt bij de ratio van
hydroxyapatiet (2.16), wat het voornaamste minerale bestanddeel van bot is1. Andere
onderzoekers vonden echter lagere ratio’s van calcium op fosfor in atherosclerotische
plaques2, 3. Ook werden af en toe sporen van ijzer en zink waargenomen bij deze
bulkanalyses. Reeds in 1995 werd door Pallon et al.4 de colokalisatie van ijzer en zink met
calciumgranulaten, 10 tot 20 m in diameter, waargenomen in vroege atherosclerotische
laesies in humane coronaire arteriën. Deze observaties stimuleerden onze interesse in de
pathologische betekenis van calciumprecipitaten in de vroege stadia van atherosclerosis
en de rol die sporenelementen, zoals ijzer en zink, daarbij spelen. In hoofdstuk 2 is de
huidige stand van zaken betreffende bovenstaande processen samengevat .
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Om de distributie, samenstelling (calcium-fosfor massaratio) en het gehalte
sporenelementen van de calcificaties te bestuderen werd er een techniek toegepast met
hoge gevoeligheid, specificiteit en spatiële resolutie, namelijk micro-Proton Induced X‑ray
Emission in combinatie met Backscattering en Forward Scattering Spectroscopy5, 6. Met
deze techniek kunnen distributies van de elementconcentraties worden verkregen om de
verdeling van elementen, zoals calcium en fosfor, in vriescoupes van arteriële vaatwanden
zichtbaar te maken. De techniek is zeer gevoelig waardoor ook distributies van de
concentraties van de sporenelementen, zoals ijzer en zink, kunnen worden verkregen.
Hoog‑energetische protonen kunnen worden gebruikt voor deze techniek en deze
worden geproduceerd door gebruik te maken van een deeltjesversneller (SingletronTM,
High Voltage Engineering Europe B.V., Amersfoort, Nederland). De versneller is
gekoppeld aan een microbundelopstelling, die geoptimaliseerd werd voor de detectie
van sporenelementen in calcificaties. De protonenbundel werd geminiaturiseerd, omdat
er verwacht werd dat de grootte van de calcificaties in de orde ligt van micrometers
of zelfs kleiner. De instellingen van het object- en apertuurdiafragma werden
geoptimaliseerd alsook de instellingen van de quadrupolen. De profielen en groottes
van de protonenbundel werden gemeten. De bundelgroottes werden gereduceerd tot
ongeveer 0.5 to 0.5 m2 als beste resultaat. De relatieve positie van de bundel tot de
positie van het te onderzoeken monster en de grootte van de bundel waren constant
gedurende de tijd nodig voor een meting die enkele uren in beslag nam. Een berylliumfilter met gekalibreerde dikte werd geplaatst aan de voorkant van de X‑ray detector voor
de detectie van karakteristieke X‑rays (PIXE) die overeenkomen met bijvoorbeeld fosfor
en calcium. Een tweede X-ray detector met een groot oppervlak werd gebruikt voor
de detectie van X-rays (PIXE) die overeenkomen met ijzer en zink. De ruimtehoeken
van de detectoren werden geoptimaliseerd voor de detectie van fosfor, calcium en
sporenelementen. De detectielimieten waren in de orde van grootte van g/g voor
de sporenelementen. Een nieuw systeem voor data-acquisitie werd geïntroduceerd,
dat bestaat uit hardware en software met een grafische interface. Dit systeem kan de
microbundelopstelling op afstand bedienen en maakte het mogelijk om grote datasets
te verkrijgen. Nieuwe analysesoftware met grafische interface werd geschreven die het
mogelijk maakte het experiment op een flexibele manier te volgen en waardoor de
snelheid van de data-analyse aanzienlijk verbeterd werd (hoofdstuk 3).
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De microbundel werd toegepast om direct de distributie te verkrijgen van calcificaties
in gehele dwarsdoorsneden van humane coronaire arteriën met laesies die voorafgaan
aan artheromas. Voor deze doelstelling was het nodig om opeenvolgende scans te maken
die de gehele dwarsdoorsnede van een coronaire vaatwand omvatten om zodoende
een overzicht te verkrijgen van de distributie van calcium in de gehele vaatwand. De
samenstelling van de micro-calcificaties werd afgeleid van de massaratio van calcium op
fosfor. Om de ratio van calcium op fosfor te kwantificeren werd een specifieke X‑ray
filter, dat voor PIXE werd gebruikt, geijkt met een referentiemonster. In het monster
kunnen protonen energie verliezen en X‑rays kunnen worden geattenueerd. Deze twee
effecten beïnvloeden de berekende ratio van calcium op fosfor en correcties daarvoor in
de berekeningen werden gevalideerd. Voor het verkrijgen van de ratio van calcium op
fosfor behorende bij een calcificatie werden de calcium- en fosforconcentraties in een
spreidingsdiagram uitgezet. De helling van een lineaire regressie op de punten van de
calcium- en fosforconcentraties in het spreidingsdiagram geeft een betrouwbare waarde
van de ratio van calcium op fosfor in de micro-calcificaties (hoofdstuk 4).
Weefselcoupes van verschillende coronaire vaatwanden, afkomstig van patiënten
overleden ten gevolge van niet-cardiale oorzaken, met AHA (American Heart Association)
type I tot VII atherosclerotische laesies werden bestudeerd. Calciumopstapelingen op
een (sub)micrometerschaal werden al waargenomen in de verdikte intima van vroege
stadia (voorafgaand aan atheroma) van atherosclerosis (type II laesies), voornamelijk in
het abluminaal gebied van de intima.
De micro-calcificaties namen toe met de stadia van atherosclerosis. In type VII laesies
konden gemakkelijk grote brokken gecalcificeerd materiaal worden waargenomen. De
samenstelling van de micro-calcificaties, namelijk de calcium‑fosfor massaratio, werd
bestudeerd in type II, III, en IV (atheroma) laesies en ze vertoonden een hoge mate van
variatie, namelijk van 1.62 tot 2.99. De ratio was, evenwel, zeer homogeen per microcalcificatie: elke micro-calcificatie had een unieke calcium‑fosfor ratio, die mogelijk
afhankelijk is van het lokale milieu. De grote variatie in calcium-fosfor ratio suggereert in
sterke mate dat de micro-calcificaties eerder uit amorfe calciumfosfaatkristallen bestaan
dan uit hydroxyapatiet. Het kan echter niet worden uitgesloten dat de calcificaties zijn
samengesteld uit een mengsel van calciumfosfaatverbindingen. Voor alle bovenvermelde
calcificaties werden ook de sporenelementen bestudeerd. De detectielimieten van ijzer,
koper en zink waren respectievelijk 7, 5 and 5 g/g. In geen van de bestudeerde gebieden
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werd koper gevonden boven de detectielimiet. De meerderheid van de calcificaties
vertoonden co-lokalisaties met een lokale stijging in ijzer- en zinkconcentratie. Deze
bevinding impliceert een mogelijke pathogene relatie tussen de precipitatie van calcium
en de sporenelementen ijzer en zink in de vroege atherosclerotische laesies in humane
coronaire arteriën. De pathofysiologische betekenis en het onderliggende mechanisme
van deze relatie zijn nog niet begrepen.
De invloed van bot- regulerende eiwitten in het proces van calcificatie werd bestudeerd
met immunohistochemie. Het verschijnen van micro-calcificaties ging vooraf aan de
expressie van proteïnen betrokken bij botvorming zoals Matrix Gla Protein (MGP).
MGP heeft de eigenschap om calciumionen te binden en daardoor de vorming van
onoplosbare calciumzouten tegen te gaan7, 8. Hierdoor kan een toegenomen expressie van
MGP na de formatie van micro-calcificaties mogelijk wijzen op een adaptief mechanisme
in de aangetaste intima om verdere neerslag en/of groei van gecalcificeerd materiaal
te verminderen of te blokkeren. Toegenomen expressie van Bone morphogenetic
protein‑2 en Osteocalcin kon enkel waargenomen worden in vergevorderde stadia van
het atherosclerotisch proces waarbij een artheroma was ontstaan. Osteocalcin (OC
of bone Gla protein) heeft ook een remmend effect op de botvorming, daarentegen
stimuleren Bone Morphogenetic Proteins (BMP) de ectopische botvorming. Hetzelfde
geldt voor Core binding factor‑1, die een diffuse expressie vertoonde in vergevorderde
atherosclerotische laesies. Het laatstgenoemde eiwit reguleert de differentiatie van
osteoblasten en chondrocyten.
De huidige bevindingen leiden tot de conclusie dat de formatie van de
calciumfosfaatgranulaten een vroegtijdige gebeurtenis is in het atherosclerotisch proces
en dat deze vroege depositie van calciumfosfaatmateriaal meest waarschijnlijk niet
gereguleerd wordt door bot- regulerende eiwitten (hoofdstuk 5).
In een carotide arterie van een ApoE-/- muis met een vergevorderde atherosclerotische
laesie (AHA type V) werden ook calcificaties waargenomen, maar enkel in het gebied
met een lage afschuifspanning. Het gebied met hoge afschuifspanning bleef onaangetast.
De calcificaties waren aanwezig in de verdikte intima alsook in the media in het gebied
met lage afschuifspanning. De calcium-fosfor massaratio’s varieerden van 0.65 tot
5.9, hetgeen een veel grotere variatie is dan waargenomen in de wand van humane
atherosclerotische coronaire arteriën. De bevindingen geven aan dat er een verschil is
tussen de samenstelling van atherosclerotische laesies bij mensen en bij muizen. Er is meer
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onderzoek nodig om na te gaan of ook het atherosclerotisch proces in de vaatwanden
van mensen en van muizen anders verloopt (hoofdstuk 6).
De bevindingen beschreven in deze thesis zijn samengevat en bediscussieerd in
hoofdstuk 7.
De voornaamste conclusies van de huidige studie zijn dat calcificaties aanwezig zijn
in vroegtijdige atherosclerotische laesies zoals gemeten met een combinatie van
protonenbundeltechnieken. De samenstelling van de micro-calcificaties, namelijk
de calcium-fosfor massaratio, lieten een hoge mate van variatie zien (1.62 to 2.99),
hetgeen aangeeft dat de micro-calcificaties waarschijnlijk bestaan uit amorfe
calciumfosfaatkristallen. De calcificaties vertoonden vaak colokalisaties met ijzer en zink.
Deze bevinding impliceert mogelijk een relatie tussen calciumprecipitatie enerzijds en
de sporenelementen ijzer en zink anderzijds. De gepresenteerde bevindingen leiden tot
de conclusie dat de formatie van calciumfosfaatgranulaten een vroegtijdige gebeurtenis
is in het atherosclerotisch proces en dat de vroege neerslag van calcium-rijk materiaal
voorafgaat aan de veranderde expressie van bot- regulerende eiwitten.
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