
 Eindhoven University of Technology

MASTER

Elemental analysis with a proton microprobe of atherosclerotic lesions

Debernardi, N.

Award date:
2008

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/83906321-30cd-4b17-99c0-1679138677dc


              
 

 

 

 
 
 
 
 

Nicola Debernardi 
 
 
 
 
 

 
 

                  
 
 
 
 
 
 
 
 
 
Supervisors:  
Dr. Ir. P.H.A. Mutsaers 
Prof. Dr. G. J. van der Vusse (Physiology, University of Maastricht) 
Prof. Renzo Levi (Physiology and Biophysics, University of Torino, Italy) 
 
Commission: 
Prof. Dr. K.A.H. van Leeuwen 
Dr. Ir. P.H.A. Mutsaers 
Prof. Dr. G. J. van der Vusse 
Dr. L.J. van IJzendoorn  
Dr. J. I. M. Botman 

Elemental analysis 
with a proton microprobe 
of atherosclerotic lesions 

 

Nicola Debernardi 
 

June 2008 
CQT 2008-5 



 

 

2 

 
 
 



 

 

3 

Dedicated to Ester and to  
her parents, Nellie and Anton 



 

 

4 

Abstract  
 
The present study explores whether calcium precipitations with a size in the order of 
micrometers or less (micro-calcifications) occur in atherosclerotic lesions in the mouse 
and human vascular wall. The presence of calcium deposits was determined with the 
proton microprobe, a combination of Particle Induced X-ray Emission (PIXE) and 
Rutherford Backscattering Spectroscopy (RBS) that can simultaneously measure 
concentrations of a variety of elements in the order of parts per million (µg/g dry 
weight) with sub-micrometer precision.  
 
To this end, specific regions of a carotid artery of an ApoE-/- mouse were exposed to 
low and high shear stress. The low shear stress area developed a severe form of 
atherosclerosis (type V lesion), where a number of micro-calcifications could be easily 
found. The high shear stress region remained unaffected and did not show calcium-rich 
precipitates.  
The calcium depositions in the low shear stress, atherosclerotic region showed calcium-
to-phosphorus mass ratios ranging from 0.3 to 4.8, indicating that the calcium hotspots 
were not composed only of hydroxyapatite, calcium carbonate or amorphous calcium 
phosphate, as proposed in literature, but most likely also with intermixing of another 
compound rich in calcium. Urate and oxalate are proposed as possible candidates to 
serve as alternative anions in the calcium-rich precipitate. 
Iron, zinc and bromine co-localized with the calcium-rich depositions in about 80% of 
the calcifications. The (patho-) physiological significance of this finding is at present 
incompletely understood. The presence of bromine was quite relevant, indicating that 
vascular tissue is able to accumulate bromine from the blood compartment. 
 
Micro-scale calcium precipitations in the early stages of atherosclerosis in human tissue 
were also determined with the proton microprobe. Samples of the coronary artery wall 
containing type I, II, and III atherosclerotic lesions from patients who died from non-
cardiac causes were subject of investigation. Here it is shown that calcium deposits at a 
micrometer scale can be observed in the thickened intima already in early stages of 
atherosclerosis (type I lesions). The calcium-to-phosphorus mass ratio, displayed a 
range of values from 0.2 to 2.2, strongly suggesting that the micro-calcifications consist 
of amorphous calcium phosphate or hydroxyapatite.  
 
In both kinds of tissues, the average concentrations of some biologically interesting 
elements are measured, as a reference, in different regions remote from the calcium 
precipitates of the wall vessel (intimal, medial and adventitial layer).  
 
Micro-calcifications in human and mouse tissue are well-defined spots where the 
calcium concentration increases very steep from normal background levels. The 
absence of a plateau having higher calcium concentration is confirmed in the close 
vicinity of micro-calcifications (up to 10 µm). 
 
Further investigations are needed to disclose whether micro-calcifications are innocent 
bystanders or are playing an important role in the onset and progression of the 
atherosclerotic process. 
 
Keywords: atherosclerosis, micro-calcification, proton microprobe, PIXE. 
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1 General Introduction 

 
Atherosclerosis is the primary cause of stroke, myocardial infarction and ischemia. In 
the Western world, atherosclerosis is the underlying cause of approximately 50% of all 
deaths. Atherosclerosis starts silently after the first decade of life and progresses slowly 
with age. It predominantly affects the medium/large arteries and it is characterized by 
several stages.  
 
According to the present paradigm [ROS99 and LUS00] deposition of calcium 
phosphate compounds (calcification) occurs in the late stages of the disease. Recent 
studies [ROI07], however, have shown that micro-calcifications might already occur at 
the very early stage of the atherosclerotic process. This observation implies that they 
might play an active role in the progression of atherosclerotic lesions in the arterial 
wall.  
 
At the Department of Applied Physics of the Eindhoven University of Technology 
(TU/e) in the Netherlands, biopsy material both from mouse and human origin was 
analyzed with the use of the proton microprobe in order to determine the presence of 
micro-calcifications in different stages of the atherosclerotic process. Tissue from the 
wall of carotid arteries was obtained from mice, which were genetically engineered to 
be more prone to develop atherosclerosis. Tissue material from the wall of the coronary 
artery at various stages of atherosclerosis was obtained from human patients. Moreover, 
the elemental composition of the micro-calcifications is determined and compared to 
the surrounding areas. Finally, the co-localization of trace elements as iron, zinc and 
bromine is verified in micro-calcifications in mouse tissue. The information available in 
literature about the presence and the role in atherosclerosis of these trace elements are 
limited. These aims require a stable proton beam with a sub-micron diameter. 
 
Chapter 2 gives a short biomedical introduction about the development of 
atherosclerosis and focuses on the precipitation of calcified material. Chapter 3 explains 
the physics involved in the measurements, such as PIXE (Particle Induced X-ray 
Emission), FS (Forward-scattering Spectroscopy) and BS (Backscattering 
Spectroscopy). Chapter 4 explains the experimental setup used in the present 
investigation and methods used to analyze the data. Chapter 5 provides the result of the 
measurements on mouse samples. In a similar way, chapter 6 focuses the attention on 
human samples. The findings of chapter 5 and 6 are compared in chapter 7, where also 
the general conclusions are drawn. 
 
A glossary, present at the end of the thesis, gives the explanations of the biomedical 
terms used in this thesis.  
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2 Atherosclerosis 
 
In Western counties cardiovascular diseases are the main cause of 1 in 3 deaths.  In this 
group 53% of the deaths are caused by atherosclerotic coronary heart disease [THO06]. 
Atherosclerosis is a progressive and chronic inflammatory disease mainly affecting the 
large and medium-sized arteries. The resulting excessive inflammation response can 
lead to tissue damage [HAN05, LIB05, LIB06 and FAL06].  
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. Cigarette smoking, hypertension, diabetes, 
high cholesterol and infections are risk factors that can accelerate the development of 
the disease.  
 
Atherosclerosis is commonly referred to as a "hardening" of the arteries due to the 
formation of multiple plaques within the arteries which can have similar chemical 
composition to bone tissue (calcification). Calcifications are evidence of atherosclerosis 
and their number and size characterize the sickness phase. Despite the importance of 
calcium deposits in the diseased artery, information on the onset of the debilitating 
process most likely starting with micro-calcifications is limited. A micro-calcification 
is a calcium deposit having a size in the micrometer range (< 10 µm). 
 
At present the role of trace elements (iron, zinc and bromine) in the atherosclerotic 
process is still unclear. Information on the presence of these two elements in 
atherosclerotic lesions is relatively limited, mainly due to the fact that highly sensitive 
analytical methods are required to detect them in biological material.  
 
The first part of this chapter presents a short introduction of the histology of the artery 
wall.  In section 2.2 an overview is given about atherosclerosis focusing on the main 
biological mechanisms. Section 2.3 presents the findings about the role and the 
chemical composition of calcifications in atherosclerosis. Section 2.4 focuses on the 
role of trace elements.  
 

2.1 Artery wall histology 
 
Artery walls are composed of three distinct layers, called tunica intima, tunica media 
and tunica adventitia. These three layers are separated by two thin structures made of 
elastic fibers, called internal and external elastic membrane. Figure 2.1 shows a 
schematic representation of a healthy artery wall. 
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Figure 2.1   Schematic histological representation of a healthy artery wall [DHO05]. 
 
The intima is the innermost of the three layers and it consists of endothelium supported 
by connective tissue (as collagen). Endothelium is a thin layer of cells that separate the 
lumen (part where the blood flows) from the blood vessel wall. It works as a selective 
permeable barrier. 
 
The media is made mainly of oriented smooth muscle cells and its predominant 
function is to preserve the blood pressure. Nervous fibers are present in the medial 
layer. They control the contractile behavior of the smooth muscle cells in order to 
adjust the dynamic of the circulating system (acting on the luminal size). 
 
The adventitia is the outer layer and it is composed of collagen fibers (connective 
tissue) that protect the blood vessel and merge the vessel with the surrounding in a 
smooth way. 
 

2.2 The process of atherosclerosis 
 
The process of atherosclerosis mainly manifests itself in distinct parts of the intimal 
layer, usually in areas with low or oscillating shear stress [CHE06]. Wall shear stress is 
defined as the tractive force per unit area applied by the blood on the endothelium. Note 
that the arteries have regions where the intima is naturally thicker. Where, in response 
to reduced wall shear stress, the lumen is reduced in size in order to restore the shear 
stress balance. 
 
It is generally believed that the first phase of the atherosclerotic process is a progressive 
accumulation of lipids, originating from LDL particles (low density lipoproteins) in the 
intimal layer. The process of atherosclerosis is accelerated by several risk factors 
(hypertension, diabetes, cigarette smoking and infections) and high concentrations of 
LDL particles, coming mainly from a diet rich in cholesterol and saturated fats. These 
factors cause an altered endothelial function: its adhesiveness to LDL particles 
increases as well as its permeability. Figure 2.2 shows an endothelium with increased 
permeability. 
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Figure 2.2   Endothelial dysfunction in atherosclerosis [ROS99]. 
 
Oxidation of the LDL particles is a trigger for the onset of an inflammatory response 
and will attract macrophages and T-cells (white blood cells). Macrophages will engorge 
themselves with oxidized LDL particles becoming foam cells. Later on they will 
encounter apoptosis (programmed cell death) and as a result fat particles are deposited 
extracellular. Foam cells and T-cells together form fatty streaks, first recognizable 
lesions of the atherosclerotic disease. In the mean time, smooth cells, migrated from the 
media, differentiate into myofibroblasts and produce extracellular matrix molecules 
such as collagen and elastin. Figure 2.3 shows the formation of fatty-streaks in the 
intimal layer. 
 

 
Figure 2.3   Fatty-streaks formation in the intimal layer [ROS99]. 
 
During the second phase, the macrophages accumulation continues. Immunoreactions 
will negatively modulate the ongoing process of the atherosclerotic lesion while 
normally it should work as a protective system. 
 
During the third phase, the extracellular matrix will form a fibrous cap on the lipid and 
macrophages deposition. The so called atheroma is now formed. Its basic feature is the 
presence of densely packed foam cells in association with necrotic material (due to 
cellular death), extracellular lipids, cholesterol crystals and calcium-rich particles. The 
atheroma is shown in figure 2.4. 
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Figure 2.4   Formation of a fibrous cap over a large lesion [ROS99]. 
 
During the fourth phase the atheroma increases slowly inwards into the lumen of the 
vessel. The atheroma may obstruct the blood flow and impair the elasticity of the blood 
vessel.  
After a long period of clinical silence the disease can result in limited blood supply the 
myocardial muscle cells in condition of heavy demand which leads to severe chest pain 
(angina pectoris). Lack of blood flow supply (ischemia) to important tissues as brain or 
heart can cause necrosis of the tissue. Rupture of the lesion evokes acute thrombosis 
that is the most severe form of atherosclerosis because it blocks completely the lumen 
of the affected artery. As a consequence blood supply to the region downstream of the 
blood clot stops (figure 2.5). Myocardial infarction (heart attack) or stroke, depending 
which kind of blood vessel is affected by the rupture, could occur sequentially. 
 

 
Figure 2.5   Rupture of the fibrous cap [ROS99]. 
 

2.2.1 Classification of atherosclerosis 
 
The classification of atherosclerosis used in this research is based on the knowledge of 
the composition and the structure of human atherosclerosis lesions of coronary arteries 
obtained from autopsy [STA92, STA00b]. See also figure 2.6 for more details. 
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Type I lesion. 
The lesion consists of small and isolated groups of macrophages in which the amount 
of lipid droplets are doubled compared to the number normally present. This type of 
lesion can be already present in infant age. 
 
Type II lesion. 
Foam cells are more numerous and stratified. This type of lesions predominates in most 
children around the age of the puberty. 
 
Type III lesion. 
Lesions contain isolated pools of densely packed extracellular lipid. Pre-atheroma or 
intimal thickening are already present. 
 
Type IV lesion. 
The main characteristic of type IV lesions is the presence of an atheroma with a clear 
necrotic core. These lesions may be already found at highly susceptible arterial 
locations during the second decade of life. 
 
Advanced lesions. 
Further advanced lesions can have different appearances with diverse chemical 
compositions. Layers of fibrous connective tissue are added in type V lesion, called 
fibro-atheroma. Type VI lesions contains surface defects leading to thrombotic 
formation. Predominantly calcified lesions are named type VII. Type VIII lesions 
consist mainly of connective tissue while lipid cores are absent. 
 

 
Figure 2.6   Schematic representation of atherosclerotic lesions in cross-sections of the arterial 
wall, according to the classification of Stary [STA92] 
 

2.3 Calcifications 
 
Calcification of atherosclerotic lesions has been recognized as a feature of advanced 
human atherosclerotic lesions [BEC04, LIB01, LUS00, SCH80 and STA00b]. Though, 
there are indications that calcifications appear earlier in the disease process [BOB95, 
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GUY93 and ROI07] and could play an active role in the progression of the 
atherosclerotic process instead of being only a passive consequence. 
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 reported [PAL95, STA00a and TAN86]. 
 
The causes of calcium deposition in atherosclerotic lesions are still incompletely 
understood. A set of proteins either with inhibitory or activating properties is involved 
in bone formation and current knowledge suggests that they could also play a role in 
vascular calcifications [DUC96, HRU05and LUO97]. However, it is not well clear 
whether these proteins are involved in the onset of deposition of calcium-rich material 
in the early stages of atherosclerosis. 
 
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 mass ratio of calcium hydroxyapatite (2.16) [SCH80 and TOM01]. This 
was found to be independent from the size of deposit. The same chemical composition 
was observed with the electron-probe analysis. Mineral deposits consisted of calcium 
hydroxyapatite (71%), calcium carbonate (9%) and proteins (15%).  
In contrast, others found lower ratios of calcium to phosphorus in atherosclerotic 
plaques [BEC04]. Di-calcium phosphate dehydrate (Calcium/Phosphorus mass ratio 
1.29), octacalcium phosphate (Ca/P mass ratio 1.72) or Mg-substituted tri-calcium 
phosphate (Ca/P mass ratio 1.94) have also been reported [LEG01]. It should be 
emphasized that the majority of studies focused 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.  
 

2.4 Trace elements: iron, zinc and bromine 
 
The chemical activity of trace elements is dependant on their ionic form. They can be 
present as free ions or bound to specific proteins which could modulate their biological 
activity. The latter is the reason that their (patho-) physiological role is difficult to 
predict. In the present study special attention has been paid to the presence and 
localization of trace elements such as iron (Fe), zinc (Zn) and bromine (Br) in the 
affected artery wall. 
 
With the Prussian blue staining technique and with the use of electron microprobe 
analysis, it has been proved that iron co-localizes with lipid in atherosclerosis lesions in 
human aortas and the quantity of the iron deposition was associated to the severity of 
the lesion [LEE98]. New Zealand White rabbits fed with cholesterol showed that the 
iron concentration was found increased with the rate of lesion formation [MAK99]. 
Furthermore, it has been proposed that iron promotes the oxidation of LDL particles 
[VAL99]. 
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Large aggregated calcium deposits in human aortas with advanced lesions were found 
to correspond with iron as seen with Prussian blue staining and determined with light 
microscopy [TAN86]. 
 
Proteins containing zinc are capable of degrading collagen and elastin and are present 
in a high level in human atherosclerotic lesions in association with macrophages 
[HEI03]. Zinc is an essential component of bio-membranes, necessary for their 
maintenance and membrane structure, but also it inhibits signal transduction leading to 
apoptosis [HEN99]. Therefore, the increased concentration of zinc in atherosclerotic 
lesions could point both to both deleterious and beneficial effects. 
 
In human coronary arteries, accumulation of iron and zinc in atherosclerotic lesions 
was observed with the proton microprobe near the internal elastic membrane. These 
accumulations were co-localized with calcifications [PAL95].  
 
In summary, 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, not completely understood.  
 
No solid information is found in literature over a possible role of bromine in the 
atherosclerosis process. Indirect evidence from studies on eosinophils, circulating cells 
involved in inflammatory processes, indicates that enzymatic capture of bromide ions 
into biologically active compounds could set the stage for bromination of tissue 
proteins which in turn could lead to damage of vascular cells [DAL01, HED01 and 
WWU99]. It cannot be excluded that the increased bromine concentration in the 
vicinity of calcium precipitates reflects the presence of a deleterious inflammatory 
process in the affected vascular intimal wall. 
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3 Theory 
 
This chapter focuses on the theory necessary to understand the measurements described 
in this report. In the first section Particle Induced X-ray Emission is explained. This 
technique is used to identify and quantify the elements present in a sample under 
investigation. Section 3.2 draws the attention to backscattering and forward scattering 
spectroscopy, used to gain information about the areal mass density of the sample. 
Section 3.3 explains how to calibrate and combine the three techniques in order to 
calculate elemental concentrations. The last section, 3.4, deals with the detection limit 
for the concentrations calculated with these techniques and the continuum background 
present in the PIXE spectrum. 
 

3.1 Particle Induced X-ray Emission 
 
PIXE (Particle Induced X-ray Emission) is an analytical method based on an ion beam 
technique. When an ion beam hits a target, it can create vacancies in the electron shells 
of the target atoms. These vacancies are filled by outer shell electrons and an X-ray 
photon can be produced. The energy and number of characteristic X-rays emitted from 
a sample bombarded with high-energy ions give information about the different 
elements present in the sample and their concentration. The energy of an X-ray is 
measured by a detector and further processed by electronics and a multi-channel 
analyzer. In this research a proton beam with energy of 3 MeV is used (see chapter 4). 
The power of this technique is that a whole array of elements can be detected and 
quantified simultaneously. Figure 3.1 shows a typical example of an X-ray spectrum of 
a biological sample obtained from a carotid vessel wall of a mouse. 
 

Figure 3.1   Example of PIXE spectrum obtained from a carotid vessel wall of a mouse tissue. 
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In the spectrum in Figure 3.1 some characteristic X-ray peaks can be seen marked with 
the symbol of the element they belong to, together with a continuum background that is 
mainly due to secondary electron bremsstrahlung. The area of a peak is proportional to 
the concentration of the corresponding element. 
 
Figure 3.2 shows schematically a incident particle that ionizes one atom of a sample 
and creates a vacancy.  
 

 
Figure 3.2   The ionization – de-excitation process [GRI84]. 
 
When such a vacancy is created (mainly in the K or L-shell), within about 10-16 s it is 
filled by an electron coming from an upper shell. Since there are more possibilities, 
figure 3.3 shows the main K and L X-ray transitions.  
 

 
Figure 3.3   Atomic level diagram showing the main K and L X-ray transitions. The nomenclature used is 
the Siegbahn notation [MUN94]. 
 
For instance K�1 and K�2 both belong to an electron transition from the L-shell to the K-
shell, but from a different energy level in the same shell; while K�1 is coming from the 
M-shell. Note that the energy resolution of the detectors available (about 170 eV at 5.9 
keV) is not low enough to separate K�1 and K�2 for Z < 55. 
 
The energy difference of the transition can be used for the emission of an Auger 
electron or for the emission of an X-ray photon. For lower Z elements (Z < 30) the 
production of Auger electrons is dominant.  
 
Figure 3.4 shows an example spectrum in the case of iron (Z = 26). 
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Figure 3.4   K X-rays for iron. 
 
The ratio between the intensity of the K� and the K� line is a fixed number characteristic 
for every element. This knowledge can be very useful in situations with overlapping 
peaks, for instance Zn- K� and Pt-L�. 
 
The energies of the X-rays are characteristic of the atom that is ionized. The lowest 
energy detectable is about 1 keV, due to the absorption of the X-rays by the entrance 
window (10 µm beryllium) of the detector itself. This means that elements with Z lower 
than 11 (Na) cannot be detected. 
In general, K-lines are used for elements with 11 < Z < 50 and L-lines for 40 < Z < 100. 
See figure 3.5 for details. 
 

 
Figure 3.5   Diagram showing the energy in the main K and L X-ray transitions versus atomic number 
[JOH88]. 
 
In the research described in this thesis, the interesting elements have an atomic number 
between 15 (phosphorus) and 35 (bromine), so only K-lines will be considered. 
 
In general the probability of X-ray emission is expressed by the ionization cross-
section, the fluorescence yield and, if different decays resulting in an X-ray are 
possible, also the branching ratios have to be taken into account. The branching ratio is 
the fraction of the number of K X-rays that appears in a certain X-ray line and the total 
number of K X-rays emitted. The fluorescence yield and branching ratio are both 
independent of the projectile energy in contrast to the ionization cross-section. The total 
cross-section for the production of a specific K X-ray (the interaction probability per 
atom and per unit of fluence) is a combination of these three factors: 
 

( ) ( ), , , , ( )                                                                                 (3.1)prod ion
Z X p Z K p Z K Z X KE E bσ σ ω=  
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The production cross-section can be calculated from values found in literature [JOH88]. 
In figure 3.6 the production cross section is given as a function of proton energy for 
different target elements. A proton beam of 3 MeV is chosen in order to have a low 
detection limit (see figure 3.17). Also reasonable high production cross sections for the 
elemental range important in this research (15 < Z < 35) are achieved with this energy. 
 

 
Figure 3.6   X-ray production cross-sections as a function of proton energy for different kind of targets 
[VIS85]. A vertical line is added corresponding to the used proton energy of 3 MeV. 
 
The PIXE yield is directly related to the concentration of the element as it is shown in 
equation (3.2). 
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The factor T in equation (3.2) gives the transmission of X-rays through an absorber: 
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An absorber had to be placed between the target and the detector for two reasons. The 
first one is to prevent scattered protons from entering into the detector because they 
disturb the X-ray spectrum. The second reason is that this absorber will attenuate the 
intensity of the X-rays produced in the sample to prevent the pile-up in the spectrum 
(see figure 4.4 shown in chapter 4). 
 
The last three terms of equation (3.2): detector efficiency, solid angle and transmission 
factor, can be put together in the detection efficiency, D. This factor depends on the 
geometry of the experiment, the detector used, the kind of absorber and its thickness. 
The detector efficiency can be found in the manufacturer specifications of the detector 
in use, solid angles are calculated during the calibration experiment (see section 3.3.2) 
and the transmission factor is calculated with equation (3.3).  
 
The areal mass density of element Z present in the sample is defined as 
 

( ) ( )                                                (3.4)ZZ S
t c tρ ρ=  

 
in which the factor (�t)S is called areal mass density of the sample. The areal mass 
density is expressed in (g/cm2). 
 
Equation (3.2) can be rearranged to express the areal mass density of the element Z as 
shown in equation (3.5). 
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The production cross section can be found in literature. The number of protons 
impinging on the sample is calculated from the measured charge during an experiment. 
The X-ray yield for a particular element Z is determined by fitting the spectrum. All 
other factors involved in the calculation of the areal mass density of the element Z are 
known. 
Thus equation (3.4) can be used to calculate the concentration of the element Z, cz, 
when the areal mass density of the sample, �st, is known. Section 3.2 will focus on the 
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calculation of the areal mass density of the sample and in section 3.3 the calculation of 
the concentration of the element Z will be explained. 
 
Equation (3.2) is called thin-target PIXE formula in which two simplifications are made 
if a sample has a relatively low thickness. See figure 3.7 for a schematic view of the 
process. 
 

 
Figure 3.7   Schematic drawing of a proton that ionizes a sample (in blue) of thickness t with sequentially 
emission of an X-ray. 
 
A proton enters the sample with a thickness t and ionizes an atom after travelling the 
distance d through the sample while the energy of the protons is constant in first 
approximation. Sequentially the atom emits an X-ray at an angle � and the attenuation 
of the X-rays in the sample itself can be neglected as a second approximation. 
 
Biomedical samples used in this research have an areal mass density between 0.1 
mg/cm2 and 3 mg/cm2. Attenuation calculations have been done in the PhD thesis of 
Verhoef [VER97], considering the behavior of the characteristic X-rays of different 
elements through a 100% carbon matrix of different thicknesses. X-rays emitted by 
elements with Z< 20 (calcium) are easily absorbed since their energy is low and a 
correction factor has to be used. Equation (3.2) is a good approximation for elements 
with Z � 20.  
 
In the software used to analyze the data thick-target corrections are taken into account 
and more information about this formulation can be found in [JOH88]. In this section 
only thin-target formulation is presented because it is enough in order to understand the 
basic phenomena. 
 

3.2 Backscattering and forward scattering spectroscopy 
 
Backscattering spectroscopy (BS) is an analytical technique used in material science to 
determine the structure and composition of materials by measuring the backscattering 
of high energetic ions impinging on a sample. Forward scattering spectroscopy (FS) 
measures in a similar way the forward scattered ions. 
 
In this research backscattering spectroscopy and forward scattering spectroscopy are 
used to determine areal mass density of the sample which is necessary to calculate the 
concentration of the relevant elements, see equation (3.2) and (3.4). The biological 
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samples do not have the same thickness everywhere. It changes in every measurement 
point due to the nature of the sample and the preparation method (see section 5.1 for 
mouse samples and section 6.1 for human samples).  
Biological soft tissue consists mostly of carbon, oxygen, nitrogen and hydrogen (on 
average 96% in mass) that are called matrix elements. The areal mass density of the 
first three elements will be determined using BS, and the areal mass of hydrogen with 
FS. The areal mass density of the sample can be calculated in every measured point 
with a combination of these two techniques, see equation (3.11). 
 
BS and FS are based on the detection of the energy of scattered projectiles (protons) 
after a collision with a nucleus in the sample. In figure 3.8 a schematic representation 
of the process is given. 
 

 
Figure 3.8   Schematic representation of an elastic collision of a projectile on a target [IJS98]. 
 
Assuming that the interaction between the proton and the nucleus is an elastic two-body 
collision, the energy of the scattered proton can be calculated from the conservation of 
momentum and energy using the non-relativistic approximation since for a proton beam 
of 3 MeV the Lorentz factor � is equal to 1.002. 
 
The kinematic factor expresses the ratio of the projectile energy after and before the 
collision: 
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The kinematic factor can vary between 0 and 1 and it depends only on the mass ratio � 
and the scattering angle � which can vary from 0° to 180°. In the microprobe setup (see 
chapter 4) the angle θ of the detector is fixed at 147° and the knowledge about the 
energy of the scattered projectile is enough to calculate the mass of the target atoms, 
since projectiles scattered from different elements have different energies.  
Figure 3.9 shows a plot of the kinetic factor for a fixed scatter angle � of 147° versus 
the target mass for protons (the inverse of the mass ratio � is the target mass if the 
projectile is a proton). 
 
  

 
Figure 3.9   The kinematic factor K as a function of the target mass plotted in logarithmic scale, using 
proton as projectile and fixing the scattered angle at 147°. 
 
Where the slope of the previous plot is higher (high derivative), the technique is more 
sensitive to separate different elements. The peaks related to carbon, nitrogen and 
oxygen can be separated since they have atomic mass between 12 amu and 16 amu. 
Note that with � =180° the best solution would be achieved, but this is technically 
impossible to realize since the detector would be placed between the beam and the 
target.  
 
Moreover it can be deduced that if the incident proton hits an atom of hydrogen (� 
equals one), the scattered angle is limited to maximum 90° since for � > 90° the 
kinematic factor is zero. This implies that a second detector should be used to measure 
protons scattered in the forward direction to detect hydrogen. 
 
In contrast to PIXE cross-sections, scattering cross-sections are not isotropic and 
differential cross-sections (d�/d	) have to be used. This quantity expresses the 
probability per unit of solid angle that an event induced by a beam of particles has an 
effect within an infinitely small solid angle d	. The average scattering cross-section 
over the field of view of the particle detector with a solid angle 	 positioned at an angle 
� is given by 
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For very small solid angles (in the order of 10-2 sr) equation (3.7) can be simplified in 
equation (3.8). 
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The probability of scattered projectiles falling within a finite solid angle 	 around 
scattering angle � is now given by ( )σ θ ⋅Ω . 

 
The differential cross-section can be calculated using Rutherford’s formula: 
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However in the case of protons with energy above 1 MeV, inelastic scattering with 
light nuclei (such as C, O, N and H) can occur. This results in a deviation of the 
scattering cross-section from their Rutherford’s values. Cross-section values for these 
elements can be found in literature [BAS59, HAR62 and JAC53].  
 
Generally, scattering cross-sections depend on the energy of the impinging ions and 
thus vary with the depth of the target nuclei from the target surface. But in the case of 
thickness below a few mg/cm2 (this is the case of samples used in this research), the 
energy loss of the proton along their track doesn’t vary so much and this effect can be 
neglected. 
 
The total detected scattering yield for the element i of the matrix (carbon, nitrogen and 
oxygen) obtained from the backscattering detector is given by equation (3.10). 
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With this formula it is possible to determine the value of the areal mass density of 
carbon, nitrogen and oxygen. In a similar way, the areal mass density of hydrogen can 
be determined. 
 
In figure 3.10 an example of a typical backscattering spectrum for a biological sample 
used in this research is given. It is a sum spectrum of the 1024 pixel spectra relative an 
experiment. 
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Figure 3.10   (a) Backscattering sum spectra in logarithmic scale, on the left side and (b) in linear scale 
on the right side. The channel number is proportional to the energy.  
 
In figure 3.10a, peaks of carbon, nitrogen and oxygen are visible but there is some 
overlapping between them due to the energy loss of the protons in the sample. The 
larger is the width of the peaks, the thicker is the sample 
To make an estimation of the overlapping it is necessary to look at the spectrum in 
linear scale (figure 3.10b). In this case the counts of carbon are overestimated of about 
3-4%, because a little part of them belongs to the nitrogen. Oxygen is underestimated 
by a factor of 14%, since a tail of this element is counted in the nitrogen. Nitrogen is a 
bit more ambiguous since from one side there is a little overestimation of 2% and a 
larger underestimation of 30%, for the same reason explained before. The error on the 
concentrations of oxygen and nitrogen depends on these estimations while the 
concentrations of the elements calculated with PIXE technique are not affected. 
In too thick samples the three peaks cannot be separated but since the difference in 
cross-sections between the three elements are not so large, it is possible to consider the 
average cross-section and the total counts in order to calculate anyway the 
concentrations of the element Z, without knowing the separate concentrations of 
carbon, nitrogen and oxygen. 
Peaks on the right hand side of oxygen are relative small and are due to the other 
elements present in the sample. Their influence on the oxygen content can be neglected 
(see that the peak height is a factor 10-100 lower in the logarithmic scale spectrum). 
 
An example of a forward scattering spectrum obtained from the same sample, is given 
in figure 3.11. 
 

 
Figure 3.11   Forward scattering spectra. The channel number is proportional to the energy. 
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Two peaks are visible. The one on the left is related to hydrogen and the one on the 
right is related to the protons scattered in the forward direction by all the other 
elements. In the forward scattering spectrum the mass separation is not enough to 
distinguish between elements heavier than hydrogen. 
 
At this point all the ingredients needed to calculate the areal mass density of the sample 
are present. It is a matter of combining the information of the matrix elements together 
as presented in equation (3.11) 
 

( ) ( ) ( )                                                                                   (3.11)
S H i

i

t t tρ ρ ρ= +�                                                 

 
�st is areal mass density of the sample that was missing in equation (3.4) to calculate 
the concentration of element Z. The index i of the summation represents the three 
matrix elements detected with BS (carbon, nitrogen and oxygen) and if necessary the 
other elements that take part in the matrix. 
 

3.3 Combination of techniques and calibration 
 
This section explains how to combine the three techniques presented before in order to 
calculate the elemental concentration of element Z. Then the calibration procedure used 
to calculate the solid angle of the detectors measuring the characteristic X-rays and the 
scattered protons of a calibration foil are presented. 
 

3.3.1 Calculation of the concentration of element Z 
 
In general, hydrogen, carbon, nitrogen and oxygen are matrix elements in biological 
soft tissues. In samples with calcifications the concentration of calcium and phosphorus 
can be up to 20% in mass and these two elements have to be considered as matrix 
elements. The incorporation of these two elements will be explained in the next chapter 
(section 4.4.3). All the other elements detected with PIXE technique in human or 
mouse tissue usually contributes only for a few percent of the total areal mass density. 
 
In summary, from the information of forward and backward scattered protons, the areal 
mass density (g/cm2) of the sample (due to the matrix elements) is obtained as shown in 
equation (3.11). The areal mass densities of the minor and trace elements calculated 
with equation (3.5), is measured in µg/cm2. 
Equation (3.4) shows that, by dividing the PIXE areal mass density of element Z by the 
total matrix areal mass density of the sample, the concentration is obtained. Usually 
concentration are given in part per million (ppm). 
 

3.3.2 Calibration 
 
The use of a calibration foil with well known thickness and composition allows 
calculating the solid angle of the detectors. 
The solid angle of the X-ray detector can be written using equation (3.2) as 
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The subscript “cal” in equation (3.12) stands for calibration conditions. 
 
From equation (3.10) it follows that the solid angle for BS detector is given by 
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A similar equation as (3.13) is used to calculate the solid angle for the FS detector. 
 
After the calibration experiment a biological sample of unknown thickness and 
elemental composition is analyzed. Using the expressions for the detector solid angles 
in combination with equations (3.4) and (3.11) the concentration of an element Z in a 
thin-target sample can be now written as 
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with index i relative to matrix element of the sample. In the last equation the number of 
protons incident on the target (Np) and the number of proton incident on the calibration 
foil (Np,cal). Moreover, this expression enables one to calculate elemental concentrations 
without the necessity to know detector solid angles and the areal mass density of the 
calibration foil, since these quantities are also eliminated from the formula. 
Equation (3.14) is only valid for thin samples 
 

3.4 Detection limit 
 
In the PIXE spectrum shown in figure 3.1 it is possible to see the presence of several 
peaks of the different elements in the sample but also a continuum background under 
these peaks is visible especially in the lower energy part.  
This background limits the detection of these elements. The background has to be 
subtracted from the spectrum before the yield of the elements can be calculated. This 
section focuses on the mathematical characterization of the background and on the limit 
of detection used in this research. 
 

3.4.1 Continuum background 
 
The continuum background can come from: 

• primary projectile bremsstrahlung; 
• secondary electron bremsstrahlung; 
• Compton scattering of gamma radiation produced from nuclear reactions; 
• experimental contributions: noise and pile-up. 
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In this study protons are chosen instead of electrons as primary projectile due to 
bremsstrahlung considerations. The power emitted by a decelerated particle respect to a 
fix charge (the nuclei) is proportional to m-2. The mass of the proton is 1836 more times 
the one of the electron and this means that the power emitted (and the bremsstrahlung 
background) by decelerated protons is really less than the one caused by electrons as 
shown in equation (3.15).  
 

  
pr

brem
el
brem II 2)1836(≈                                             (3.15) 

 
Since the primary projectile bremsstrahlung is of much less importance, the main 
contribution to the continuum background in a PIXE spectrum is bremsstrahlung 
associated with the secondary electrons ejected in collisions with the protons. More 
details about it can be found in [ISH90].  
 
Nuclear reactions can occur between 3 MeV energy proton and light elements that are 
present in the sample. Tunneling processes make these reactions possible and the cross-
section is higher for lighter elements. Nuclear reactions can also occur between the 
beam and the experimental setup. This situation should be avoided by a correct design 
of the setup. These interactions produce gamma rays with energies of several hundred 
of keV. These gamma rays can be scattered via Compton’s effect in the detector 
generating photons with energy larger than 1 keV. Contributions to the background of 
the X-ray spectrum can be seen in the whole energy range. 
 
Noise makes larger the width of the peaks in the spectrum resulting in a worse energy 
resolution. Pile-up can add some peaks to the spectrum that are not related to any of the 
elements present in the sample and will be explained in the next chapter (section 4.1). 
 

3.4.2 Detection limit 
 
The background that underlies the characteristic peaks in a PIXE spectrum determines 
the Limit of Detection (LOD) for that element; this factor expresses the minimum 
detectable concentration and can be determined from the signal-to-background ratio in 
the spectrum. Generally different criteria are used to define LOD. In this work the 
following definition is used: 
 

Z bY n Y≥                                                        (3.16) 
 
In other words, the net content of an isolated peak (YZ) in the X-ray spectrum must 
exceed n times the standard deviation in the background counts Yb under the peak. For a 
peak that follows a normal distribution, a factor 3 (chosen in this thesis) gives a 
confidence level of 99.7 % [TAY07]. Both numbers of counts are taken in the energy 
interval 
E (energy resolution), that equals the full width half maximum (FWHM) of 
the peak.  Figure 3.12 clarifies the explanation. 
 



 

 

30 

 
Figure 3.12   Limit of detection. See text above to find more information [IJZ98]. 
 
LOD is based on the assumption that there is a background under the considered peak. 
Since for trace elements (Fe, Zn and Br) this fact is not necessarily true, a second 
detection limit is used whenever the first fails. The area of the peak YZ has to be larger 
than the error δZ made in fitting the peak: 
 

Z ZY δ>                                                            (3.17) 
 

Equation (3.17) is called standard deviation rule. 
 
A third rule, called 20% rule is based on the statistical limit of the standard deviation of 
the peak and sets a minimum amount of yields that need to be present in the region of 
interest of the peak as shown in equation (3.18). 
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Also this rule gives problems with trace elements since their yield can be really low. 
 
The 20% rule appears to be too much radical limit but it can be used during the 
experiment to estimate if the number of counts collected is large enough for the 
detection of the considered element. The combination of the LOD with the standard 
deviation rule leads to the best result because they complete each others [BOU05]. In 
this thesis the word LOD will indicate the combination of both the techniques. 
 
Figure 3.13 shows an application of LOD on an iron distribution picture of 
concentrations obtained from a scan on a micro-calcification. 
 

        
Figure 3.13   (a) Iron concentration distribution picture obtained in a typical scan on a micro-
calcification. (b) The concentration for every pixel is filtered with LOD rules. 
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The concentration of the pixel that does not satisfy the LOD criterion is put at zero ppm 
and these pixels are considered like if no measurement has been done at that position. 
 
Figure 3.17 gives an idea about the detection limit that can be achieved in a typical 
PIXE experiment. 
 

 
Figure 3.17   Minimal detectable concentrations as a function o f atomic number and proton energy in a 
typical PIXE arrangement with 30 µC charge [JOH 88]. 
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4 Experimental setup, data analysis and 
electronics 
 
A Singletron™ (manufactured by High Voltage Engineering Europe B.V., Amersfoort, 
the Netherlands) is available at TU/e (Eindhoven University of Technology, the 
Netherlands). It is a 3.5 MV accelerator of the Cockroft-Walton type with a RF ion 
source. The microprobe set-up is a beam line used to focus a proton beam to sub-
micrometer dimension with a current of few hundred pA. The Singletron is used in 
combination with the microprobe to perform elemental analysis as described in chapter 
3. 
Section 4.1 focuses on the description of the Singletron and experimental setup. In 
section 4.2 the procedure used to focus the beam will be explained. Section 4.3 explains 
the data acquisition system and section 4.4 describes the data analysis. The last section 
presents a simulation that calculates the relation between the beam size and the smallest 
micro-calcification detectable. 
 

4.1 Singletron, beam guidance system and microprobe 
 
The used accelerator (Singletron) can accelerate ions (H+, He+) in the kinetic energy 
range from 0.2 MeV to 3.5 MeV. In this project, protons of 3.0 MeV will be used. 
Figure 4.1 shows a schematic drawing of the experimental setup used in this research. 
 

  
Figure 4.1   Schematic top view of the experimental setup [MAR07]. Only one of the beam lines is given 
in this figure. 
 
Starting from the bottom left of figure 4.1, the first element is the Singletron that 
consists of a high voltage power supply system, a RF ion source and an acceleration 
tube. The power supply is able to create a potential difference up to 3.5 MV. The 
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extracted ions are accelerated in direction of the zero potential (at the top of the 
accelerator tube in figure 4.1) inside the accelerator tube. The Singletron is isolated 
with SF6 (sulfur hexafluoride) at about 7.5 bar of pressure to prevent sparks. 
 
Electrostatic steerers, placed at the beginning of the beam guidance system, are used to 
position the beam at the ion-optical axis in the x and y directions (in the centre of the 
beam pipe). By adjusting the steerers, the beam current is maximized and the beam 
profile is optimized. The Faraday cup is used to measure the beam current and to stop 
the beam in a particular point of the line preventing further propagation. The BMP 
monitors the beam profile. In total, two Faraday cups (FC) and two beam profile 
monitors (BPM) are put in strategically points of the beam guidance system. 
 
An aperture can be inserted just in front of the 90º magnet in order to adjust the beam at 
the ion-optical axis of the magnet.  
The 90º magnet purifies the proton beam from other charges and ions that might be 
present and accelerated by the Singletron. Different ions will bend differently in the 90º 
magnet due to Lorentz’s law; as well the accelerated protons that have different 
energies will also bend different in the 90º magnet. A feedback effect corrects the 
terminal voltage of the accelerator in order to have the maximum beam intensity on the 
optical axis. Moreover, the 90º magnet performs a preliminary focusing on the beam, 
due to the edge focusing effect of a magnetic sector when traversed on the ion-optical 
axis. It is important to have a very stable magnetic field in the magnet for it to work 
properly: �B/B � 10-5. The 90º magnet permits to reach a very low longitudinal energy 
spread: �E/E < 2·10-5. 
 
The beam guidance system is quite versatile since with the use of a switching magnet it 
is possible to guide the beam in different lines, where different kinds of experiments are 
performed. The brightness of the system is larger than 40 A·rad-2·m-2·eV-1 measured at 
the end of the beam guidance system at 2.25 MeV. The pressure in the beam guidance 
system is about 10-7 mbar.  
 
A more detailed description of the experimental setup can be found in [MOU97] and 
now the attention focuses on the microprobe, where the beam is focused and the 
experiment is monitored. 
In figure 4.2 a schematic drawing of the microprobe setup is given. 
 

 
Figure 4.2   Schematic side view of the microprobe setup. 
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The beam enters from the left side, encounters an object diaphragm and after 5.5 m an 
aperture diaphragm. These two diaphragms, connected by a beam pipe, are used to set 
the beam size and divergence. Each diaphragm consists of 2 adjustable apertures 
(micrometer precision). A Faraday cup is present between the two diaphragms.  
Four quadrupoles are used to focus the beam on the target that is positioned inside the 
vacuum chamber. The choice of quadruplet configuration is a matter of working 
distances: the distance from the last quadrupole to the target can be about 10 times 
longer than in a doublet configuration having the same de-magnification factor. 
Between the last quadrupole and the vacuum chamber there is a scanning magnet that is 
used to scan the beam on the sample during the experiment. A microscope with CCD 
camera is mounted at the top of the vacuum chamber in order to take images of the 
samples. 
The vacuum inside the beam pipe and vacuum chamber is between 10-8 and 10-6 mbar. 
The samples are positioned in the chamber in a target wheel that can move in the x-y 
directions with a step of 2 �m and a maximal range of 2.5 cm. The wheel can rotate 
360º in the � direction with steps of 0.001º (around the optical axis). Eight positions for 
different kinds of sample are available in the target wheel.   
The whole microprobe setup is put on a heavy concrete slab which absorbs the 
vibrations that could disturb the setup. 
 
Four detectors are placed inside the chamber and can be used simultaneously: two X-
ray detectors and two charged particle detectors. Figure 4.3 shows the geometry of the 
detectors and the vacuum chamber. 
 

 
Figure 4.3   Top views on the chamber focusing on detectors [MUT95]. 
 
Backward and forward scattered protons are detected with PIPS detectors (Passivated 
Implanted Planar Silicon from Camberra Semiconductors). The backward detector is 
positioned at a fixed angle of 147º (see section 3.2) with respect the beam optical axis 
(in the drawing it is under the beam axis) covering a solid angle of (11.5 ± 0.6) msr and 
it is used to detect carbon, nitrogen and oxygen. The forward detector can be rotated to 
get more or less counts depending on what is needed in the experiment, but usually it is 
put at 45º covering a solid angle of (7.5 ± 0.4) msr. It is used for the detection of 
hydrogen.  
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Two ultra-LEGe detectors (ultralow-energy germanium) for the detection of the X-rays 
(PIXE) are positioned at an angle of 135º within a solid angle of (5.0 ± 0.3) msr for the 
first one (S) and (7.8 ± 0.4) msr the second one (P). The energy resolution for both the 
detector is about 170 eV at 5.9 keV. The two X-ray detectors differ in the beryllium 
absorber that is put in front of them to prevent the entry of backscattering protons in the 
detector and to reduce pile-up. Pile-up happens when two (or even three) X-rays are 
entering into the detector at about the same time and this fact results in extra peaks in 
the spectrum at double energy (figure 4.4). It also gives a higher background between 
the “single” and the “double” energy peak. 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. The second one has a thicker Be layer 
to absorb part of the low energy X-rays that could give pile-up (for instance calcium). It 
has a higher active surface (100 mm2), resulting in a higher solid angle and hence lower 
detection limit. It is more suitable to detect the trace elements as iron, zinc and 
bromine.  
Figure 4.4 shows the differences in the two spectra obtained from the same experiment. 
 

    
Figure 4.4   (a) On the left side, PIXE sum-spectrum from X-ray detector (S) with a thinner Be-window. 
The background between the single and double peak of calcium hides almost the iron peak. (b) On the 
right side, PIXE sum-spectrum from X-ray detector (P) that has a thicker Be-window to prevent pile-up. 
In this spectrum the iron peak is well-defined because the background is lower [ROI08]. 
 
The spectrum on the left is relative to the first detector (S) where it is possible to see a 
higher background between the single and double peak of calcium which hides the iron 
peak. The peak of iron is better visible in the spectrum on the right. In this case, the 
thicker beryllium window present in front of the detector (P) reduces the pile-up.  
 

4.2 Beam measurement and focusing 
 
In this research a sub-micrometer beam is required with at least a current of few 
hundred pA. The beam dimension is related to the resolution of the scan and the current 
is related to the measurement time since the number of impinging protons is 
proportional to the yield in the PIXE formula shown in equation (3.2). 
The widths of the object and aperture slits and the magnetic field of the quadrupoles are 
set up to get a 3 MeV proton beam focused under 1 µm. These parameters need to be 
adjusted since the beam energy, the beam profile and the magnetic fields of the 
quadrupoles (due to hysteresis) slightly vary every time the beam is focused. 
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Via computer software the magnetic field of the last two quadrupoles can be changed 
influencing respectively the size of the beam in the x and y direction. One position of 
the target wheel is occupied with a ceramic sample that emits light when the beam hits 
it. With the microscope one can see the spot on a two-dimensional plane and adjust the 
settings of the quadrupoles manually in order to obtain a smaller spot. An example of a 
spot of about 10 �m is shown in figure 4.5. 
 

 
Figure 4.5   Beam spot on ceramic sample. 
 
The beam in the x and y direction has a Gaussian-like profile. The FWHM (full width at 
half maximum) and FWTM (full width at tenth maximum) give an indication of the 
size and the shape of the beam. The maximum is the maximum of the intensity profile, 
as shown in figure 4.6. 
 

 
Figure 4.6   (a) Beam profile intensity, I, in x and y direction. (b) Beam profile intensity in the x direction 
with an indication of FWHM and FWTM. [MAR07] 
 
With the microscope there is no precise way to measure the size of the beam since the 
resolution of the microscope and camera is limited to about 5 �m.  
 
A tungsten crosswire with a thickness of about 2.5 �m can be used to determine the 
size of the beam more precisely. Two methods can be used: scanning the crosswire 
through the beam with a minimum step size of 2 µm or scanning the beam across/over 
the crosswire with a minimum step size of about 70 nm. The computer program 
CEDAS (see section 4.3.1) measures the number of counts coming from the protons 
scattered in the forward direction following a scan pattern. In this way a beam profile is 
obtained. An automatic focusing routine is able to change the magnetic field of the last 
two quadrupoles in order to focus the beam down to minimum the crosswire width. To 
gain even smaller sizes down to 0.5 �m a chip with smaller cross-sized structures is 
used. More details about the focusing of the beam using the chip can be found in the 



 

 

38 

internal report or Marsmam [MAR07]. Figure 4.7 shows a typical result from the 
focusing of a beam used in this research. 
 

 
Figure 4.7   Typical beam profile in the 2 dimensions obtained after the focusing procedure. Width is 
intended as FWHM. 
 
The FWHM is, by definition, the size of the beam and it is equal to the spatial 
resolution in the experiment. The smallest beam obtained was 0.5 �m in both the 
directions. A beam around 0.8 x 0.8 �m2 can be easily reached. 
Once the beam is focused, the beam-size measurement can be repeated to be able to 
calculate an average value for the beam size. 
The average measurement time for a typical scan in this research is about 6-12 hours. 
During this time the position of the beam and its dimensions have to be constant. 
Stability measurements have been done in order to check the quality of the beam 
[ROI08]. Position respect to the cross-shaped structure on the chip and dimensions of 
the beam were measured during an 8.5 hours experiment. The standard deviation of the 
position in the horizontal direction (x) was 0.2 �m and in the vertical direction (y) was 
0.1 �m. The beam size was (0.6 ± 0.1) �m in the x direction and (0.7 ± 0.1) in the y 
direction. The error in the results is the standard deviation of the data. 
These instabilities are probably due to a combination of more factors as temperature 
differences, variation in the magnetic fields of the quadrupoles and/or scanning magnet, 
vibrations, etc. 
 

4.3 Data acquisition and monitoring 
 
This section presents the data acquisition system used to communicate with the 
microprobe set-up and explains the software used to acquire and monitor the data 
during a typical experiment. 

4.3.1 Hardware interface and acquisition software 
 
The excitation current of the quadrupoles, the target wheel, and the scanning magnet 
are controlled via a personal computer with the software package CEDAS (Cyclotron 
Eindhoven Data Acquisition System). The personal computer communicates with the 
hardware via TUeDACS (TU/e data acquisition and control system). CEDAS controls 
also the data acquisition during the experiment. 
The Faraday cup at the end of the microprobe is connected to a Keithley electrometer 
and is used to measure the cumulative collected charge.  
The amplified detector signals are digitized by a multi channel analyzer (ADC) present 
in TUeDACS The channel number of the ADC is proportional to the energy of the 
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proton/X-ray. Data are collected only when an event (detection of a proton/X-ray) 
occurs in one of the detectors. The information over the energy and the position of 
every event is sorted in two files that are memorized on a buffer memory. One file 
contains the information of the energy obtained from the detector and the other file 
stores the information about the beam position got from the scanning magnet. Every 20 
seconds (sampling time interval) the buffer is emptied and the files are stored on the 
hard disk of the computer. The sampling time interval is strictly dependent by a 
combination of the beam current and the maximum cumulative charge that can be 
collected by the electrometer (20 nC).  
Each file also contains information over the experiment as cumulative charge, scanning 
pattern and sampling time. 
 

4.3.2 Scanning patterns 
 
An area of interest of the sample is divided in a certain number of pixels, called 
scanning pattern (for instance 32 by 32). The beam is scanned (by the scanning magnet) 
repetitively through a journey that connects these pixels. Every pixel is measured for 1 
ms to prevent the heating of the sample caused by the impinging protons. Figure 4.8 
shows a schematic view of the scanning pattern. 
 

 
Figure 4.8   Schematic view of the scan pattern and the events that can occur in the sample (see chapter 3 
for more details). 
 
The step size between the centers of 2 adjacent pixels should be the same size as the 
beam size (FWHM) in order to cover the scan area uniformly and optimizing the 
resolution. Larger steps could skip some important structure of the sample (as small 
micro-calcifications). Smaller steps don’t improve the resolution, giving extra heat to 
the sample and extra measurement time. 
 
The scanning magnet can cover a maximal area of 1.2 x 1.2 mm2 with a minimum step 
size of 70 nm in both directions. Scanning pattern and step size are controlled by 
CEDAS and are chosen to perform different types of scan. Overview scans cover a 
large area (for instance a part of a human artery section or the whole mouse artery 
section) in order to recognize the different structures in the sample. The step size in 
these scans is typically 2 or 4 �m with a scan pattern of 256 by 256. Step size (thus the 
FWHM of the beam) has to be smaller than the details are willing to see (section 4.5). 
Scan pattern of 32 by 32 pixels and a step size between 0.8 and 1 �m are used to 
perform detailed scans. Rectangle scans can also be performed, for instance 512 by 16 
pixels. Rectangle scans are called line scans because they are used to determine 
concentration profiles (called landscapes in this research) of the elements. 
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The cumulative charge per scan is between 6 and 15 �C while the current can be 
between 200 and 500 pA. Hence, the measurement time for a single scan can be really 
long, up to 20 hours. A relative high charge is required to acquire enough yields per 
position to achieve an enough low detection limit for the trace elements.  
 

4.3.3 Striping artifact 
 
Figure 4.9 shows a problem encountered during some experiments. 
 

 
Figure 4.9   Striping artifact in the phosphorus yield distribution. 
 
A horizontal striping artifact occurred in some yield distribution pictures. This artifact 
seems to depend on the beam size, current and measurement conditions but it did not 
occur in all the measurements. Also it occurred occasionally with different detectors. A 
possible cause could be hysteresis of the scanning magnet or power supply. A VBA 
(Visual Basic for Applications) script was written by the author in order to de-interlace 
the picture. There are 256 horizontal lines in total and with this procedure only the lines 
with an even number are shifted by one or more pixels. The obtained pictures are 
shown in figure 4.10. 
 

   
 

   
Figure 4.10   De-interlaced pictures from the one shown in figure 4.9. From the first on the top left, to the 
last one at the bottom right (figure a, b, c and d) the shift was respectively from 1 to 4 pixels. 
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The four pictures show the result obtained from shifting the even horizontal rows one to 
four pixels. In figure 4.10b (2 pixels shift) the artifact is reduced only in some part of 
the picture. This fact suggests that the artifact could be also beam position dependent. 
In general, this algorithm does not solve the problem that seems to be more complex. 
At this moment the cause of the problem is still unknown and no technical solutions 
were found.  
The solution utilized in this research was the following. The scan pattern is chosen to 
be 128 x 128 pixels instead of 32 x 32 pixels with a scan step one fourth of the FWHM 
of the beam. During the analysis the data is binned creating a 32 x 32 pixels pattern 
where spectra of 16 adjacent pixels were summed together. The resulting picture is 
shown in figure 4.11. After the binning the step size equals again the beam size. 
 

 
Figure 4.11   Phosphorus yield distribution after the binning. The striping artifact is not present anymore. 
 

4.3.4 Data monitoring 
 
An experiment can be monitored on-line using the software SOFI (sort and filter). 
Figure 4.12 shows the main screen of SOFI. 
 

 
Figure 4.12   Main window of SOFI. An X-ray sum spectrum is shown. 
 
From this screen the experimental details can be selected and it is possible to see the 
spectra of up to four detectors. Sum spectra or spectra of the individual pixels can be 



 

 

42 

chosen. A region of interest (ROI) can be selected in the spectra corresponding to, for 
example, an element present in the sample. The integrated number of counts in the ROI 
can be plotted as a function of the pixel position. This will result in a distribution map. 
As an example the distribution maps for 12 considered elements in a typical experiment 
is show in figure 4.13. They can be monitored during the experiments in a second 
window of SOFI. From this screen it is possible to select with the pointer a pixel in 
order to have information on the yield and the position in the sample. 
 

 
Figure 4.13   Monitor window of SOFI in a typical experiment. 
 

4.4 Data analysis 
 
The data analysis is a combination of more software programs that will give at the end 
concentration maps for the considered elements present in a biological sample.  
 

4.4.1 Fitting method 
 
Data are sorted by SOFI that creates separate spectra for each pixel and detector. 
Usually 1024 pixel spectra and one sum spectrum are generated for every detector (4 
detectors in total). 
WinAxil (from Canberra Semiconductors) is the software used to fit X-ray spectra 
obtained from the two X-ray detectors.  
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A smooth filter is used in order to calculate the background in the spectra. The content 
of channel i is compared to the average between the two neighboring channels. If this 
average is smaller than the actual channel content i, then it replaces the content of 
channel i. This procedure is repeated for every channel of the spectrum. Repetition of 
this process for the whole spectrum gradually causes the peaks to be stripped away (a 
value between 3 and 100 times can be selected in WinAxil). Then, the calculated 
background can be subtracted from the spectrum.  
The smooth filter is able to calculate the background also in case of peaks with low 
yield net content (trace elements). A detailed comparison between different types of 
filters is done in the internal report of Bouman [BOU05]. 
The method used to fit the peaks is the non-linear least-squares fitting [CAM]. It 
minimizes a non-linear function over a space of parameters. 
A batch possibility in the program can execute the whole procedure for each of the X-
ray spectra (usually 1025 for each X-ray detectors). 
 
BS and FS spectra are fitted by SOFI. Markers that delimit the matrix element peak can 
be added manually in the spectrum. SOFI simply sums the yield of protons for every 
channel between the two markers since in BS and FS spectrums no background is 
present. The local areal mass density (g/cm2) of hydrogen, carbon, nitrogen and oxygen 
are determined by SOFI using equation (3.10) and the total matrix areal mass density 
for these four elements is calculated with equation (3.11). In general the human 
samples were thin enough to resolve in the separate peaks in the BS spectrum while for 
mice samples larger errors have to be taken into account as shown in section 3.2. 
 

4.4.2 Calibration 
 
The first microprobe measurement in any series is an experiment on a 10 �m thick 
polycarbonate foil on which a nickel layer was sputtered. The calibration experiment is 
performed in order to measure the solid angles for each detector. Such scan has a 256 
by 256 pattern with a 2 �m step size. The experiment usually takes about 45 minutes, 
depending on the beam current, since the total cumulative charge needed is about 1 �C. 
The scanned area on the calibration foil should be uniform, contain no holes or nickel 
accumulations. 
Section 3.3.2 explains how to calculate solid angles for X-rays detectors in equation 
(3.12) and for BS and FS in equation (3.13). Only sum-spectra are fitted in this case to 
get the net peak content. 
 

4.4.3 Calculating concentrations 
 
Paneut [MUN94] is a computer program called by SOFI that can calculate the areal 
mass density of element Z using thick target corrections for every position of the scan 
pattern. The areal mass density of phosphorus, sulphur, chlorine, potassium and 
calcium are calculated from the peak contents from the X-ray spectrum, detection 
efficiency, X-ray production cross-section and collected charge per position as shown 
in equation (3.5). The detector used for these five elements is the first X-ray detector 
(called S in section 4.1). The information about the second detector (P) and the X-ray 
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spectrum obtained from it are used to calculate the areal mass density relative iron, zinc 
and bromine in a similar way. Paneut takes thick-target corrections into account. 
 
Elemental concentrations are calculated by normalizing the areal mass density 
calculated from Paneut with the areal mass density of the matrix elements. This is the 
first step of the analysis procedure done by SOFI. 
Since the concentrations of phosphorus and calcium can be really high in calcified 
tissue, these two elements have to be included in the matrix areal mass density in 
equation (3.11). The procedure in Paneut is iterated twice more times using the new 
matrix areal mass density. 
The next figure shows a flowchart of the analysis that consists on a combination of the 
software SOFI, WinAxil and Paneut. 
 

 
Figure 4.14   Flowchart of the data analysis performed with SOFI interacting with Paneut and WinAxil 
[ROI08]. 
 
The resulting areal mass density, yields and concentrations (with and without thick 
target corrections) are written into text files. These files are imported in a Microsoft 
EXCEL worksheet in which the detection limit is calculated for every position of the 
scan pattern for every element. An example of detection limits for a typical 32 by 32 
scan is given in table 4.1, where for every element the average concentration and the 
average detection limit is given, taking as an error the standard deviation of the 1024 
pixels of the scan. The sample scanned was a mouse artery and the collected charge per 
pixel was 10 nC. 
 



Table 4.1   Average concentrations and average detection limits for a separate pixel in a scan area (32 by 
32) of a proton microprobe experiment of a mouse atherosclerotic artery containing micro-calcifications. 
The error is the standard deviation and the cumulate charge per pixel was 10 nC. 
  

element concentration 
(ppm) 

detection limit 
(ppm) 

P (8 ± 3)·103 (7 ± 1)·10 
S (42 ± 9)·102 (5 ± 1)·10 
Cl (14 ± 3)·102 (4 ± 1)·10 
K (14 ± 3)·102 (3 ± 1)·10 

Ca (4 ± 12)·103 (3 ± 1)·10 
Fe (3 ± 1)·10 (5 ± 6) 
Zn (3 ± 1)·10 - 
Br (7 ± 2)·102 - 

 
A VBA script in this EXCEL worksheet can make a picture of the distribution of 
concentrations for every considered element 
 

4.4.4 Uncertainties in the measurements 
 
Error propagation in thick-target corrections is given by Munnik et al. [MUN93]. This 
section gives an estimation of the uncertainty in the elemental concentration per pixel 
of a typical microprobe measurement on mouse tissue (the same considered in table 
4.1).  
The uncertainties in the X-ray production cross-section are 7% [MUN94]. The 
percentage relative error on the areal mass density is 5%, mainly dependent on the 
uncertainties on the proton scattering cross-sections (also 5%). The uncertainties on the 
solid angles are 6% (mainly due to the nickel X-ray production cross-section error used 
in the calibration). These uncertainties are invariant for the measurements.  
The errors on the detector efficiency, the transmission coefficient and the yield are 
different for every element and are tabulated in table 4.2. Here the relative errors on the 
final mass concentration are calculated per element propagating the previous errors in 
equation (3.2). 
 
Table 4.2   Relative uncertainties (srel) in the detector efficiency (�), transmission probability (T), yield 
(Y) and mass concentration (c) for a separate pixel of a typical proton microprobe experiment (same 
experiment as in table 4.1) of a human atherosclerotic artery containing micro-calcifications.  

 
 
 
 
 
 
 
 
 
 

 
What is important to notice is that the uncertainties for elements from phosphorus until 
calcium are mainly dependent on the X-ray production cross-section. Instead for the 
three trace elements, the uncertainties are due to the larger relative error on the yield 

element srel,� srel,T srel,Y srel,c 
P 3·10-2 4·10-2 1·10-2 1.2·10-1 
S 2·10-2 3·10-2 1·10-2 1.1·10-1 
Cl 1·10-2 2·10-2 2·10-2 1.1·10-1 
K 7·10-3 8·10-3 2·10-2 1.1·10-1 

Ca 5·10-3 6·10-3 4·10-2 1.1·10-1 
Fe 9·10-4 1·10-3 2·10-1 2.5·10-1 
Zn 4·10-4 5·10-4 4·10-1 3.9·10-1 
Br 2·10-4 2·10-4 1·10-1 1.4·10-1 
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(resulting from lower yield). Especially for zinc, which yield can be really low, the 
error can reach 40%. 
These estimations are in general valid for the elemental concentrations measured in this 
research. Biological research often has to deal with large errors, since biological 
material can have large variations itself. For this reason, relative comparisons or using 
ratios between two elements in order to discover chemical composition is more 
important than absolute concentrations because in a ratio some of the errors are 
simplified. 
 

4.5 Simulation 
 
Micro-calcifications observed in this research have a diameter in the range of 2-10 �m. 
The beam size can vary from sub-micron to a few microns. The concentrations 
calculated in a micro-calcification are dependent on the relative dimension of the beam 
and the micro-calcification itself. If the beam spot area is larger than the calcification 
area, the concentration of calcium for instance will be an average between the high 
concentration present in the calcification and the lower present in the surrounding. For 
this reason the beam size has to be smaller than the calcification size. This section gives 
a quantitative description. 
 
The convolution is a mathematical operator (*) defined as the integral of the product of 
two functions, c and b, after he second one is reversed and shifted. 
 

( )( ) ( ) ( )c b x c y b x y dy
+∞

−∞

∗ = −�                                      (4.1) 

 
The convolution expresses the picture of the concentrations resulting after the data 
analysis (section 4.4.2), c represents the calcification shape and b is the beam shape.  
The beam in 1-dymentional space is a well approximated by a Gaussian shown in 
equation (4.2). 
 

( )
2

2

1
exp

22
x

b x
σσ π

 �
= −� �

� �
                                       (4.2) 

 
Where 	 can be related to the FWHM of the beam as 
 

2.35
FWHMσ =                                                       (4.3) 

 
The calcification is approximated with reversed parabola cut for |x| > s in order to have 
a calcification size of 2s, see equation (4.4). 
 

( ) ( ) ( ) ( )2 2c x s x H s x H s x= − − +                                  (4.4) 

 
Where s is half size of the calcification and the H is the Heaviside step function. 
Figure 4.15 shows graphically what happen in the process. 
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Figure 4.15   Calcification, beam and convolution of the two represented graphically. 
 
The simulation is done varying the beam size (FWHM) and keeping constant the 
calcification size (2s). In figure 4.16, the maximum of the convolution profile divided 
by the maximum of the calcification profile in percent (called % height ratio) is plotted 
versus the calcification size divided by the FWHM of the beam. This is done in order to 
have plot independent from the calcification size or FWHM. 
 

 
Figure 4.16   The maximum of the convolution profile divided by the maximum of the calcification 
profile in percent plotted versus the FWHM of the beam. The range of FWHM, that can give a relative 
error lower than 11%, is selected in gray. 
 
In the previous graph, in order to have a % height ratio larger than 89%, a beam with a 
FWHM 2.5 times smaller than the calcification size has to be used. This is a general 
conclusion since the result is independent of the dimensions of beam and calcification. 
A relative error of 11% in the elemental concentration is comparable with the errors 
given in table 4.2.  
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5 Micro-calcifications in mouse carotid arterial 
wall 
 
Animal models have been used to explore the basic mechanisms of the onset and the 
progression of atherosclerosis in the vascular wall. Mice are used because they have a 
shorter life time than human, it is possible to control their alimentation and the 
environment in which they live, and it is easier to have a statistically high number of 
them living in the same conditions. Moreover, mice can be relatively easily genetically 
modified. Full information is available over the history of the mouse while practical 
and ethical issues may hamper to collect information from patients. 
In particular, genetically engineered mice have been used to monitor the cellular and 
molecular changes in the affected vascular wall [HOF98, MEI05, DAU05 and JAC07]. 
Transgenic mice can develop atherosclerosis disease faster in combination with a high 
fat diet than normal mice [MEI05 and PLU92]. 
 
This chapter deals with a preliminary study since the number of samples available were 
limited. The aims of the study can be summarized as follows: 

• Determine the presence and the position of micro-calcifications, using the 
microprobe technique described in chapter 4, in the mouse carotid artery wall 
with an atherosclerotic lesion due to exposure to low shear stress. A region 
exposed to high shear stress served as control. See section 5.3. 

• Determine average concentrations of interesting elements remote from micro-
calcifications. These data are difficult to find in literature due to the fact that in 
general the assessment of different elements requires different techniques. With 
the technique proposed in this research a number of elements can be measured 
at the same time. See section 5.4. 

• Determine the concentration profile of the elements of interest across a micro-
calcification. See section 5.5. 

• Analyze whether micro-deposit of calcium coincides with increases in 
concentration of phosphorus in order to identify the chemical composition of 
the precipitation. See section 5.6. 

• Analyze correlation with trace elements as iron, zinc and bromine. Section 5.7. 
• Determine whether micro-calcifications are well-defined spots in the middle of 

basal (average) values of calcium or whether they are present where the average 
tissue content of calcium is already increased. Determine this in the 
neighborhood (up to about 10 µm) of a micro-calcifications and faraway from 
them (up to about 100 µm). Some line profiles (landscapes) will try to answer to 
this aim in section 5.8. 

 

5.1 Materials and methods 
 
ApoE-/- (apolipoprotein-E-deficient) mice (males, 15-20 weeks old) were obtained from 
The Jackson Laboratory (Bar Harbor, Maine, US) and grew up for 8 weeks at Erasmus 
MC in Rotterdam, the Netherlands. The protein that is deleted in the genetic code is 
important for removing excess cholesterol from the blood and these transgenic mice 
have a higher cholesterol concentration in their blood plasma. The animals were fed 
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with a Western type diet containing 15% cocoa butter and 0.25% cholesterol, to 
accelerate the atherosclerosis process. After 2 weeks, an in vivo alteration of shear 
stress (see glossary) was applied to the carotid artery which created regions with high 
and low shear stress, using a flow divider. Animas were then sacrificed after 9 weeks.  
Especially, the regions of the carotid artery wall exposed to low shear stress were found 
to generate atherosclerotic changes in the vascular wall [CHE06]. The use of transgenic 
mice and the application of the flow divider induce atherosclerosis in a standardized 
way. 
 
The entire aortic arch with the origins of the right and left carotid arteries including 5 
mm of these vessels were carefully removed from the mice. Cryo-sections were cut at a 
thickness of about 10 �m (wet tissue) in a cryostat microtome using Teflon coated 
disposable knives and sub- sequentially collected on Pioloform (Agar Scientific LTD) 
films with a thickness of about 100 nm. The samples were then dried in cooled air (-35° 
C). The thickness of the dried material is expected to be a factor of about 3-4 less due 
to the volume of water lost. The slices were analyzed with proton microprobe technique 
as explained in chapter 4. Adjacent sections were put on glass slides and colored with 
H&E technique (haematoxylin and eosin stained) to investigate morphology with 
conventional microscopy (light microscope). The samples are called “Rot” followed by 
the number of the slice, for instance Rot68 and Rot43 are the samples that were 
analyzed with the proton microprobe and Rot67 and Rot42 are the corresponding 
adjacent H&E stained slices. 
 

5.1.1 Histology and overview scan 
 
Rot68 is a sample of carotid artery tissue from a high shear stress region. Figure 5.1 
shows a picture taken with the microscope of the H&E stained adjacent section (called 
Rot67). 
 

 
Figure 5.1   H&E stained picture of the control slice Rot67. A yellow line is drawn to indicate the border 
between adventitial layer (A) and the medial layer (M). The lumen is labeled as L. 
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This technique helps to visualize cells in order to recognize the different layers of the 
vessel wall and it makes the cellular nuclei visible. Cellular nuclei are colored in purple 
while extracellular material as collagen and proteins are colored in pink. The yellow 
line in Figure 5.1 indicates the border between media (M) and adventitia (A). The 
intimal layer is too thin to be distinguished since it normally consists of a few layers of 
cells. The unstained part in the center of the picture is the lumen (L), where the blood 
flows. Thickening of the intimal layer is a sign of atherosclerosis process, but it is not 
observed in the region that was exposed to high shear stress. 
 
For comparison, figure 5.2 shows the hydrogen yield distribution in Rot68 obtained 
with the proton microprobe. The total area is about 0.5 x 0.5 mm2 and the position 
resolution of the microprobe scan was 2 �m. A yield picture is not normalized by the 
areal mass density and this means that high yield does not automatically mean high 
concentration. These considerations are valid also for the yield pictures that will be 
shown later on since the thickness of the samples is not constant due to the way they 
are prepared. 
       

 
Figure 5.2   The overview picture of hydrogen yield measured on sample Rot68. Lumen (L), media (M) 
and adventitia (A) are labeled in the picture. The color bar used in this yield picture and in the following 
ones is shown: lower yield is represented in white and high yield is in yellow. 
 
From figure 5.2 it is possible to recognize the lumen and the medial layer in 
comparison with the stained picture (figure 5.1). 
 
Rot42 and Rot43 are samples of the low shear stress region of the carotid artery with 
evidence of advanced atherosclerosis. This is already clear from the H&E stained 
section (figure 5.3) since the lumen is almost completely filled with biological material 
representing the thickened intimal layer. The low shear stress area developed a severe 
form of atherosclerosis classified as type V lesion following Stary’s classification, also 
called fibro-atheroma (see chapter 2.2.1 for more details). 
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Figure 5.3   H&E stained picture of the reference slice Rot42. Adventitia (A), media (M), intima (I), 
lumen (L), smooth muscle cells (S) and foam cells (F) are labeled in the picture. 
 
In this sample the different layers are easier recognized than the previous one. Outside 
the green line there is the adventitia (A) and connective tissue, between the green and 
yellow there is media (M) and inside the yellow line there is intima (I). This sample has 
a substantially narrowed lumen (L). This lesion is characterized on basis of the 
presence of macrophages and foam cells in the top-right part (F) of the thickened 
intima. Here, since foam cells are filled with lipid the nucleus is less visible. There is 
also an accumulation of smooth muscle cells on the right of the lumen (S). 
 
Figure 5.4 shows the hydrogen yield picture obtained from a microprobe overview scan 
performed with a resolution of 2 �m on sample Rot43 (total area 0.5 x 0.5 mm2). 
 

100 µm 



 

 

53 

 
Figure 5.4   Overview picture of the hydrogen yield measured on sample Rot43. Lumen (L), intima (I), 
media (M) and adventitia (A) are labeled in the picture. The color bar of this picture is the same 
explained in the caption of figure 5.2. 
 
In figure 5.4 the lumen is just visible while the medial layer is well recognizable as in 
the stained picture (figure 5.3). Due to the differences in techniques, foam cells and 
smooth muscle cells are not recognizable from this picture. 
 
Overlapping the histology pictures with the hydrogen yield picture obtained from a 
scans, one can recognize the different layers of the vessel wall and choose interesting 
areas where to focus in with the proton microprobe. 
 
The considerations about the histology of the samples presented in this section were 
done by an expert pathologist [PAT]. 
 

5.2 General aspects of the analysis 
 
This section discusses the methods used in the analysis of the microprobe scans. First, it 
is explained why and how parts of the sample with a low thickness are vetoed during 
the analysis. Then a procedure to recognize the medial layer is discussed, using what is 
called the ROI (Region Of Interest) approach. Finally the three-sigma criterion, a 
procedure used to filter the data, is discussed. 
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5.2.1 Vetoing parts of the sample with a low thickness 
 
Some samples have areas with a relative low thickness due to the way the sample is 
prepared. There is a loss in volume during the drying procedure which promotes 
shrinking of the biological material and, as a consequence, tearing apart of adjacent 
structures. See for instance in figure 5.4 where there are no counts of hydrogen (in 
white) between the inner part of the medial layer and the material inside it. The areas 
with a relatively low thickness could also be related to the structure of the vessel itself. 
For instance, the adventitia is a part of the wall that is composed of less dense material. 
 
In such an area with a relative low thickness there are almost no counts for the matrix 
elements (C, O, N and H). The majority of the counts are originating from the 
pioloform foil, and this means that the areal mass density of the sample will result in a 
value close to zero. In equation 3.4 the concentration of element Z is calculated by 
dividing the areal mass of the element Z with the areal mass density of the sample. This 
will result in concentrations with wrong values and large uncertainties. Usually, the 
presence of pioloform can be neglected since it is more than 30 times thinner than the 
sample. The solution to the problem is to set a lower limit for the number of carbon 
counts in a pixel. The pixels that are not passing this test are vetoed and the 
concentration of the elements calculated in these points is not considered. The choice 
for the limit is 22.5 yields per pixel per �C of charge. These number of counts produced 
are related to the thickness of the pioloform. 
 

5.2.2 Sulphur to select medial layer 
 
Region of interest can be selected when there is the need to separate one scan in more 
parts. In this research the various layers of the vessel wall are regions of interest. 
The media is a region mainly consisting of smooth muscle cells. These cells are rich in 
proteins and, thus, are expected to contain more sulphur than the cells of the other 
regions. Hence, sulphur is chosen to recognize which pixels belong to the media and 
which not.  
In figure 5.5 a sulfur concentration distribution is given of a typical scan. The line 
separates the part on the right that is marked as media (M) due to high concentration of 
sulphur and the part on the left that is recognized as adventitia (A) from comparison 
with the histology picture (figure 5.1). The line drawn in the picture is an arbitrary 
separation on basis of differences in sulphur concentration as indicate by the color 
differences. The line could have been drawn a little bit more to the right or left, but the 
results (average ± standard deviation) are only slightly affected by this choice since 
every ROI can contain few thousand measured points. 
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Figure 5.5   ROI approach of sulphur concentration distribution from a typical scans over the wall vessel 
to select the medial (M) and adventitial layer (A). 
 

5.2.3 Three-sigma criterion to filter the data 
 
Rot 43 and other human samples (they will be presented and analyzed in chapter 6) can 
contain small micro-calcifications not readily visible from the calcium yield 
distribution pictures. Since one of the aims of this chapter is to calculate the normal 
level of calcium faraway from calcium hotspot (in other words: the calcium background 
level), spots with high calcium concentration should not be included in the analysis of 
the data. 
From a series of data the average and the standard deviation can be calculated. The data 
that have a deviation from the average more than three times the standard deviation 
should be neglected, since they belong most likely to a calcium-rich precipitate 
[TAY97]. The average of the set of data plus three times the standard deviation is 
called threshold. This is done in an iterative way, re-calculating the criterion each time 
points are still deleted while the maximum of the set is larger than the threshold. 
 
An example of this filter is given on the base of figure 5.19 that will be later on 
presented in section 5.8. In this picture a line profile hits few micro-calcifications, 
where a high increase in the calcium concentration is present. Without the filter the 
average concentration level is (4 ± 1)·103 ppm, where the error is the standard deviation 
of the data. Using the filter a value of (3 ± 1)·102 ppm is obtained. Therefore, the filter 
allows one to calculate the background calcium concentration level from a set of data 
containing calcifications. 
 

5.3 Calcium yield distribution overview pictures 
 
Overview scans with a spatial resolution of 2 �m were performed on both mouse 
samples available in order to find if calcifications were present. Figure 5.6 shows the 
calcium yields distribution pictures for Rot 68 (a) and Rot43 (b). These overview scans 
were taken at the same time as the ones of hydrogen (figure 5.2 and 5.4) and 
consideration done about the morphology are valid also here. 
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Figure 5.6   (a) Calcium yield distribution in the high shear stress sample (Rot68), on the left side. (b) 
Calcium yields distribution in the low shear stress sample (Rot43), on the right side. The square (1 and 2) 
and the rectangle (3) in Rot43 indicate detailed scans that will be presented later on in the text. The color 
bar of these pictures is the same explained in the caption of figure 5.2. The scan area is 0.5 x 0.5 mm2 in 
both cases. 
 
Note again that in figure 5.6 yield distributions are shown and the yield is related to the 
elemental concentration through areal mass density normalization. But in general, areas 
with isolated hotspot in the calcium yield distribution indicate micro-calcification. 
 
Almost no calcium deposits were observed in the high shear stress region from the 
overview scan, apart from a few in the adventitial layer that were not further 
investigated. These hotspots in adventitia are obviously not related to the 
atherosclerotic process since it can be concluded from the histology picture (figure 5.1) 
that pathological changes are absent. High resolution scans down to 0.9 �m performed 
in the medial layer failed to find micro-calcifications. 
 
In contrast, in the low shear stress sample were found a lot of spots with a high calcium 
yield. The majority of the calcifications are present in a zone rich of smooth muscle 
cells close to the narrowed lumen (see figure 5.3, part S). Some small calcifications are 
also present in the medial layer of the vessel wall but unfortunately the spatial 
resolution of the scan was not small enough to look at these sub-micro-calcifications. In 
general the whole medial layer has a higher yield compared to the surrounding layers 
and this could be reflected in a higher elemental concentration (these results will be 
discussed in section 5.4). 
 

5.4 Average concentrations of elements in the vessel wall remote from 
micro-calcifications 

 
As mentioned previously, in calcified tissue the concentration of calcium and 
phosphorus rises while the concentration of other elements changes. To quantify these 
changes it is necessary to compare the values measured in a micro-calcification with 
values measured in non-calcified tissue.  
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Areas to scan are chosen remote from any visible calcium hotspots from the overview 
pictures shown in figure 5.6. They are measured with the proton microprobe in order to 
get information about the three vessel wall layers (intima, media and adventitia) of the 
low shear stress sample and the two (media and adventitia) of the high shear stress 
samples. The considered elements are (ordered by atomic number): carbon (C), 
nitrogen (N), oxygen (O), phosphorus (P), sulphur (S), chlorine (Cl), potassium (K), 
calcium (Ca), iron (Fe), zinc (Zn) and bromine (Br). Five scans were performed in total 
but, since the procedure to analyze the data is similar, only one is presented in detail. 
 
The scan lies across the vessel wall of the low shear stress sample (square 1 of figure 
5.6b). The area is 102.4 x 102.4 µm2, the beam size was 0.8 x 0.8 µm2 with a average 
current of 367 pA and the cumulative charge was 26 µC. The following pictures show 
concentration distributions of the considered elements. The data has been binned into 
32 x 32 pixels and every pixel has an area of 3.2 x 3.2 µm2. 
 

 
Figure 5.7   Concentration distributions, expressed in ppm, of the elements under investigation. The 
position of the 11 element symbols at the bottom right corresponds to the position of the concentration 
distribution of that specific element as shown in this picture. Note that the pixels that have zero 
concentration, for instance for zinc and iron, do not satisfy the LOD criterion (explained in section 3.4.2). 
In the case of oxygen and nitrogen, the pixels that have zero concentration will be vetoed as explained in 
section 5.2.1 because they are caused by a too low thickness of the sample. 
 
The sulphur concentration distribution picture is used to detect the medial layer as 
explained in section 5.2.2. Figure 5.8 shows the ROI used in this example. The media, 
selected in yellow, divides the figure in two parts. Looking at the histology (figure 5.3) 
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it is possible to determine the intima as the upper part (colored in red) and the 
adventitia at the bottom (white). Pixels colored in black do not have sufficient yield and 
indicate areas of relative low thickness in the sample, they are vetoed as explained in 
section 5.2.1. 
 

     
Figure 5.8   (a) sulphur concentrations distribution picture. Intima (I), media (M) and adventitia (A) are 
labeled in the picture and the layers are separated with two black lines. (b) ROI approach obtained with a 
overlapping of figure 5.8a and 5.3 as explained above in the text. Red is intima, yellow is media, white 
adventitia and black pixels are vetoed because of low thickness. 
 
By applying the mask (figure 5.8b to the sulphur concentration distribution (figure 
5.8a), pixels that belong to the same layer are stored in a table and black pixels are 
discarded. The whole process is repeated in the same way for all other elemental 
distributions. 
From a set of data that belong to an element in a layer, the average and the standard 
deviation, which is used as error on the average, are calculated. Table 5.1 presents the 
results found collecting together the results for the five scans. The data of calcium is 
filtered as explained in section 5.2.3, especially to avoid the calcium hotspot present in 
the medial layer of sample Rot43. For the other elements it is not necessary since the 
variation is smaller and hotspots (of one or few pixels) with high concentration are not 
present. 
 
Table 5.1   Average concentration of the elements in the high and low shear stress regions expressed in 
ppm, apart from the last row where the numbers are expressed in ppm/ppm. The error on the average is 
taken as the standard deviation. 

high shear stress tissue 
(Rot68) 

low shear stress tissue  
(Rot43) element 

adventitia 
(ppm) 

media        
(ppm) 

adventitia 
(ppm) 

media   
(ppm) 

intima 
(ppm) 

C (87 ± 3)·104 (86 ± 2)·104 (87 ± 5)·104 (93 ± 2)·104 (94 ± 2)·104 
N (8 ± 2)·104 (9 ± 1)·104 (8 ± 4)·104 (3 ± 1)·104 (2 ± 1)·104 
O (3 ± 1)·104 (22 ± 8)·103 (3 ± 2)·104 (10 ± 4)·103 (8 ± 4)·103 
P (5 ± 2)·103 (6 ± 2)·103 (6 ± 2)·103 (7 ± 2)·103 (7 ± 2)·103 
S (4 ± 1)·103 (60 ± 9)·102 (40 ± 9)·102 (60 ± 6)·102 (4 ± 2)·103 
Cl (34 ± 8)·102 (39 ± 3)·102 (27 ± 5)·102 (20 ± 2)·102 (16 ± 6)·102 
K (16 ± 4)·102 (18 ± 3)·102 (17 ± 3)·102 (155 ± 8)·101 (17 ± 6)·102 

Ca (3 ± 1)·102 (4 ± 1)·102 (3 ± 1)·102 (6 ± 2)·102 (4 ± 1)·102 
Fe (2 ± 2)·102 (13 ± 7)·101 (7 ± 3)·102 (11 ± 6)·101 (10 ± 4)·101 
Zn (5 ± 2)·101 (6 ± 2)·101 (6 ± 2)·101 (6 ± 1)·101 (5 ± 2)·101 
Br (16 ± 4)·102 (20 ± 2)·102 (17 ± 3)·102 (15 ± 3)·102 (9 ± 4)·102 

Ca/P (5 ± 1)·10-2 (6 ± 1)·10-2 (7 ± 3)·10-2 (9 ± 3)·10-2 (5 ± 2)·10-2 
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Due to backscattering spectrum overlapping the percentage relative errors on oxygen 
and nitrogen are respectively 14% and 30% for sample Rot68. For Rot 43 the errors are 
larger since the sample is thicker, 30% for oxygen and 45% for nitrogen. The relative 
error on carbon is in both samples about 3%. The relative errors of the concentration of 
the elements determined by PIXE are given in table 4.2. 
 
There are not so many differences between the elemental concentrations in the two 
samples in regions faraway from calcium hotspot. All the elemental concentrations are 
in the same range and the numbers are comparable in one or two standard deviations.  
Comparing with values from literature [IYE78], some significant discrepancies in two 
elements in particular are found: the concentrations of chlorine and potassium are 
substantially lower by a factor of ten. The loss can be explained by the fact that the 
sample was washed during the preparation since the majority of chlorine and potassium 
is present in free ionic form. Elemental loss due to beam damage could play a role, but 
the expected loss will be less than a factor of ten [BOU05]. 
 
The average concentration of bromine seems to be comparable with averages value 
reported for aortic tissue [IYE78], but much higher than the levels in plasma and 
interstitial fluids [IYE78]. The measurement of the reference value in aorta was done 
with a comparable technique (X-ray fluorescence spectrometry) and the result found 
was 940 ppm. Unfortunately, no information about the bromine concentration in the 
carotid vessel wall could be found in literature. 
 
The average concentration of calcium in the medial layer of the low shear stress sample 
is twice the one found in the intimal layer. This fact was already visible from the 
calcium yield distribution picture (figure 5.6b).  
At the intimal layer the average calcium concentration is (4 ± 1)·102 ppm. This 
corresponds roughly to about (3 ± 1) mmol/l. Note that since the measurements are 
done on a dry tissue, to convert ppm to mmol/l it is necessary to divide by a factor of 
about 3.5, because the volume of wet tissue is usually about 3.5 times larger than the 
one of dry tissue. (3 ± 1) mmol/l is comparable with the average calcium concentration 
between the intra- and extracellular, which is about 1 mmol/l in a muscle cell [SCH89] 
(note that the experimental technique used in this research cannot distinguish in which 
part of the cell the measured pixel is). Calcium is present also in free ionic form next to 
the form bound to proteins. Since the previous estimation is comparable with the 
average calcium concentration in cells, a substantial loss of calcium due to sample 
washing is not very likely. 
 
Carbon, nitrogen and oxygen represent about 97% of the total mass, calculating the 
average over the five layers of table 5.1. Hydrogen is not taken into account since its 
yield decreases during the experiment [BOU05]. This loss is not so important in terms 
of mass concentration, since hydrogen contributes to only about 1% of the matrix mass 
density. 
 

5.5 Elemental analysis of calcium hotspots 
 
From the overview picture of the calcium yield (figure 5.6b), a few spots coinciding 
with high calcium yields were scanned in more detail in order to get information about 
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the elemental composition. This section presents a detailed result of one of the scans 
performed on the low shear stress sample across the largest micro-calcification visible 
in figure 5.6b (square 2). 
 
The area of interest is 29 x 29 µm2, the beam size was 0.8 x 0.7 µm2 with a current of 
about 179 pA and the acquired cumulative charge was 11 µC. 
Figure 5.9a shows the concentration distributions of the most important elements in the 
sample. These distributions are 32 x 32 pixels; every pixel has an area of 0.9 x 0.9 µm2. 
 

 
Figure 5.9a   Concentration distributions of the considered elements. The position of the 11 element 
symbols at the bottom right corresponds to the position of the concentration distribution of that specific 
element as shown in this picture. The concentration is expressed in ppm. The position of the 11 element 
symbols at the bottom right of the figure corresponds to the position of the 11 pictures. 
 
In this scan the average LOD (section 3.4.2) of calcium and phosphorus was 
respectively 28 ± 8 ppm and 74 ± 9 ppm. As explained before the white pixels in the 
iron and zinc distribution pictures are neglected because they don’t satisfy the LOD 
criterion. 
 
Even in pictures which have pixels with LOD deficiency, it is possible to see an 
increase of the concentration of iron and zinc in coincidence with the area of high 
calcium and phosphorus concentration. The case of bromine seems to be particular: 
there is a ring of higher concentration surrounding the micro-calcification. More 
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information about iron, zinc and bromine (the trace elements) concentration distribution 
will be given in section 5.7. 
 
In a calcium-hotspot the concentration of calcium and phosphorus is much higher than 
in the surrounding region and as a consequence the concentration of carbon and other 
elements (sulphur for instance) decreases. This is exemplified by the drop seen in the 
pictures of figure 5.9a. 
 
From the calcium distribution picture (figure 5.9a) an estimation of the size of the 
micro-calcification present in the center of the picture can be made. The shape of this 
calcification is approximately an oval and the maximum dimension (diameter) is about 
11 µm (every pixel is 0.9 x 0.9 µm2). The definition of calcification size used in this 
research will be given in section 5.8. This estimation gives important information 
because this value is comparable with the size of an individual cell. However it cannot 
be concluded whether the calcification process starts inter- or intracellular because it is 
not possible with this analytical technique to discriminate between these two options.  
 
From a particular line of pixels one can plot profiles with the concentration versus the 
distance and compare the behavior of different elements across a micro-calcification. 
Figure 5.9b shows the calcium concentration distribution of few micro-calcifications in 
the low shear stress sample (it is the same micro-calcification shown in figure 5.9a). 
The micro-calcifications are labeled with letters A, B, C, D, E and F. A horizontal line 
is chosen in such a way that it crosses two micro-calcifications, A and B. Note that 
some micro-calcifications are not very well visible due to the scaling of the picture.  
 

 
Figure 5.9b   Line profile selected from the calcium distribution concentration picture (same distribution 
already shown in figure 5.9a). The concentration is expressed in ppm. Six micro-calcifications are 
labeled from letter A to F. They have lower peak calcium concentration and not visible due to the scaling 
of the picture. 
  
All elements profiles across the line shown in figure 5.9b are compared in figure 5.10. 
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Figure 5.10  (a) Calcium profile compared with the profile of the trace elements. Two pixels of the zinc 
profile and one pixel of the iron profile don’t satisfy the LOD criterion and their concentration was set to 
zero. (b) Comparison of the profiles other considered elements. In both the picture the yellow area are in 
correspondence of a micro-calcification. 
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In figure 5.10, the two yellow areas indicate the sites of increased calcium 
concentrations. For the micro-calcification on the left (A), the increase in the calcium 
concentration is accompanied by an increase in phosphorus, oxygen and the trace 
elements (Fe, Zn and Br) and a decrease of carbon and sulphur. For the calcification on 
the right (B), the increase of calcium is not associated by a decrease of oxygen but by 
an increase in nitrogen and sulphur. This fact can suggest that the chemical composition 
of calcifications can be different. This will be discussed further in the next section, 
where a more detailed calcium concentration profile of calcification B is given (figure 
5.13). 
 

5.6 Calcium-to-phosphorus ratio and chemical composition of micro-
calcifications 

 
One of the aims of this research is to determinate the ratio between calcium and 
phosphorus in calcifications. This mass ratio is important in order to try to identify the 
chemical composition of the calcification.  
Roijers [ROI07], using the same setup and analyzing the results in the same way as 
done in the present study, measured the Ca and P concentration of a sample consisting 
of only hydroxyapatite (Ca10(PO4)6(OH)2) and a sample consisting of potassium di-
hydrogen phosphate (KH2PO4), both reference standards. Within the experimental 
errors, the correct calcium-to-phosphorus ratio of the first compound and potassium-to-
phosphorus ratio of the second one were found. 
 
Figure 5.11 shows the calcium-to-phosphorus ratio distribution relative to the example 
discussed in the previous section (see figure 5.9a). 
  

 
Figure 5.11   Calcium-to-phosphorus ratio distribution. 
 
In the picture there are two calcium deposits with a high ratio between calcium and 
phosphorus. Other calcium deposits show a lower ratio. This fact suggests that micro-
calcifications could have different chemical compositions, as will be discussed later in 
this section.  
 
Figure 5.11 and figure 5.9b both consist of 1024 pixels. The pixels with high values of 
calcium concentrations and calcium-to-phosphorus ratio are separated from the other 
ones that don’t belong to a calcium hotspot. In detail, a deviation that is larger than the 
average by more than three times the standard deviation is considered abnormal. The 
average values and the standard deviations obtained at the intimal layer shown in table 
5.1 are necessary in order to calculate the thresholds used to discriminate the pixels. 
Thresholds are 7·102 ppm for the calcium concentration and 1.1·10-1 for the calcium-to-
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phosphorus ratio. The following graph plots the phosphorus versus calcium 
concentrations relative to micro-calcification A. 
 

 
Figure 5.12   Phosphorus concentration plotted versus calcium concentrations in individual pixels 
belonging to micro-calcification A. The red line is the linear fit, see table 5.2 for the equation. 
 
The 118 points of the plot are fitted following the linear regression theory [TAY97] and 
the results are shown in table 5.2. 
 
Table 5.2   Linear fit ([Ca] = a·[P] + b) of the points shown in figure 5.10 relative to calcification A.  

 
 
 
 
 
 

These points show a good correlation between the concentrations of the two elements 
since the correlation coefficient, r is 0.95. ProbN expresses the probability that these set 
of N points does not correlate. The coefficient a of the intercept is the calcium-to-
phosphorus ratio in this particular calcium hotspot (A). The intercept does not go 
through (0,0) since b coefficient is not zero. In fact, when the concentration of calcium 
is zero, the one of phosphorus shouldn’t be zero either since in biological material there 
are a number of chemical structures that can contain phosphorus (as proteins, 
phospholipids, nucleotides, etc) but no calcium. 
 
Figure 5.13 shows a calcium profile of a small micro-calcification with a low calcium-
to-phosphorus ratio (B). 
 

 
Figure 5.13   Calcium profile of micro-calcification B. 

N 118 
a 4.8 ± 0.2 
b (-3.0 ± 0.2)·104 
r 0.95 
probN (r = 0) < 0.01% 
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This is a micro-calcification of about 4 µm size where the peak level is only about ten 
times higher than the background concentration (see table 5.1). In this calcium deposit, 
sulphur and nitrogen increase with the calcium increase while the oxygen doesn’t 
follow it (see yellow bar one the right of figure 5.10). The calcium-to-phosphorus 
concentration of calcification B is much lower than calcification A and it is (0.3 ± 0.1). 
 
In total, 16 micro-calcifications have been analyzed by the author, finding different 
values of calcium-to-phosphorus ratio in the range between 0.3 and 4.8. They are 
shown in figure 5.14. 
 

 
Figure 5.14   Calcium-to-phosphorus ratios in ascending order of 16 different micro-calcifications 
observed in Rot43. 
 
Figure 5.14 suggests, as already noticed in the previous section, that the chemical 
structure of micro-calcifications could be different in different calcium deposits. Figure 
5.15 shows a table with the principal chemical compounds that contain calcium and 
phosphorus usually found in biological tissues. 
 

 
 
 
 
Figure 5.15   The principal chemical compounds of calcium and phosphorus with relative chemical 
composition and mass concentration ratio Ca/P. [LEG01] 
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Hydroxyapatite is the major component of bones and it is one of the candidates (with 
amorphous calcium phosphate) to be present in arterial tissue micro-calcifications 
[SCH80]. But the mass ratio of hydroxyapatite is 2.16 and it cannot explain the 
variability of the calcium-to-phosphorus ratios found in Rot43 and shown in figure 
5.14. The amorphous calcium phosphate seems to be a better candidate since its 
calcium-to-phosphorus ratio can vary between 1.54 and 3.22, but it still does not 
explain the higher ratios. 
 
There is no clear correspondence between the high and low ratios found in mice tissue 
and the ones of the compounds displayed in figure 5.15. It is necessary to analyze the 
possible causes that could give these ratios. 
 
A high calcium-to-phosphorus ratio could be related at first to an artificial increase of 
calcium in the sample or in second case to a decrease of the concentration of 
phosphorus. The first case has to be rejected since during the preparation of the sample 
or during the storing in the vacuum chamber there was no way that calcium could have 
been increased in the sample. Also the average values of calcium that are found in table 
5.1 are normal and this option is rejected.  
By bombarding a sample with protons for a long time the sample gets damaged and 
there could be some loss of elements. Normalized yield (yield divided by the 
accumulated charge) has been plotted versus the accumulated charge for the different 
elements [BOU05]. Apart from hydrogen, there is not significant change in the yield 
and it is not expected to lose significant quantity of phosphorus even during long 
experiments. 
 
A possible biochemical explanation to these high ratio values could be given by the 
presence of other anions (not containing phosphorus) leading to the formation of, for 
instance, calcium oxalate crystals (CaC2O4) intermixed with the amorphous calcium 
phosphate (or hydroxyapatite) deposition. No proves can be given to justify this 
structure, a part of the fact that carbon and oxygen are present also in coincidence with 
a calcification (it can be derived from figure 5.10 that in calcification A there is a drop 
in their concentrations but still a strong presence). Also urate, a salt formed from uric 
acid (C5H4N4O3), could be intermixed to amorphous calcium phosphate and in this case 
also the nitrogen concentration should not decrease in a calcification. For instance, this 
fact happens in calcification B, present on the right side of figure 5.10. 
Note that oxalate and urate are both present in kidneys of patients suffering from 
urolithiasis [COS07 and MIL07]. Probably these structures are not visible because they 
are smaller than the beam size. A smaller beam (FWHM < 0.5 µm) could be used to 
identify the presence of these grains of calcium rich material. 
The calcium carbonate molecule (CaCO3) crystals could be intermixed with calcium 
phosphate as well. 
 
Low calcium-to-phosphorus ratios in the calcium hotspot could be caused by calcium 
phosphate depositions smaller than the beam dimension (see section 4.5). The size of 
the smallest micro-calcification is about 2.5 µm (section 5.8) and the beam size was 0.9 
µm at maximum, so enough small to analyze these micro-calcifications. Low ratios 
could also be obtained if the micro-calcification does not fill the whole thickness of the 
sample and it is surrounded by other biological tissue with relatively more phosphorus 
than calcium. 
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5.7 Correlation and co-localization of calcium with trace elements (Fe, 
Zn and Br) 

 
In this section a correlation with calcium and trace elements is investigated. In figure 
5.16 plots are given of, respectively, calcium concentration plotted versus iron, zinc and 
bromine and iron versus zinc. The concentrations plotted are relative micro-
calcification A (see figure 5.9b). Pixels with an elemental concentration lower than the 
detection limit are not considered. 
 

  
 

  
Figure 5.16   From the top left to the bottom right. (a) Iron versus calcium plot. (b) Zinc versus calcium 
plot. (c) Bromine versus calcium plot. (d) Zinc versus iron plot. All plots are relatives to micro-
calcification A. 
 
From figure 5.16 it is clear that there is an increase of iron, zinc and bromine in 
coincidence with a micro-calcification although the relation is not that linear as found 
for calcium and phosphorus in figure 5.12. The increase in the bromine concentration is 
not in coincidence with the highest calcium concentrations.  
These data unfortunately doesn’t help to understand the chemical role of trace elements 
a micro-calcification. 
 
Instead of the correlation, table 5.3 presents the co-localization of calcium with trace 
elements in 16 individual micro-calcifications found in Rot43. 
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Table 5.3   Co-localization of trace elements (iron, zinc and bromine) with calcium in 16 different micro-
calcifications. The numbers in the table indicate how many times the event, presence or non-presence of 
co-localization, is found. 

 
 
 
 

 
The role of the trace elements is not clear from these microprobe results but in general 
iron, zinc and bromine co-localize with calcium in the close surrounding of a micro-
calcification. This is independent from its composition since the 16 micro-calcifications 
observed had different calcium-to-phosphorus ratio. 
 
The behaviors of calcium and bromine across the micro-calcifications A and B are 
compared in figure 5.17 (they are the same profiles already showed in figure 5.10). 
 

 
Figure 5.17   Comparison of the behaviors of bromine (in blue) and calcium (in black) across two micro-
calcifications (A and B). 
 
The bromine increases in concentration around both the micro-calcifications. In other 
examples the spatial resolution was not small enough to distinguish if the increase of 
bromine was around or inside the micro-calcification. 
The presence of increased concentrations of bromine in the vicinity of the calcium 
hotspots is a particular interest because earlier papers have shown that bromine can be 
trapped by enzymatic processes into biologically active compounds setting the stage for 
inflammatory reactions at a (sub-) cellular scale [DAL01, HED01 and WWU99].  
 

5.8 Landscape and size of micro-calcifications 
 
This section will show some elemental profiles (landscapes) across micro-calcifications 
in the low shear stress tissue (Rot43). Some considerations about the dimension of 
micro-calcifications are also given. 
 
The calcium concentration profile of figure 5.10 is shown again in figure 5.18 in order 
to make further considerations about micro-calcification size. 
 

 type of co-localization Ca-Fe Ca-Zn Ca-Br 
 inside and/or within 1 µm from the micro-calcification 12 14 13 
 not present 4 2 3 
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Figure 5.18   Calcium concentration profile relative a line scan already shown in figure 5.10. 
Calcifications A and B, mentioned before, are indicated in the figure. 
 
The average calcium level (calculated vetoing the pixels with high calcium 
concentration more than three standard deviation from the basic level of table 5.1) is (4 
± 1)·102 ppm. The increase from about 4·102 to 4·104 ppm is really steep, within about 
3 µm. The highest calcium concentration in this plot is almost 8·104 ppm, 200 times 
larger than the basal calcium concentration level in the intimal layer (see table 5.1). 
Figure 5.18 proves the absence of a plateau of higher calcium concentration in the close 
vicinity (minor than about 10 µm) of a micro-calcification. 
 
In the following picture, 256 calcium concentrations obtained form another line scan 
are plotted versus the distance. The line scan crosses the whole vessel wall section and 
is discussed in Appendix 3. The background calcium concentration is (3 ± 1) ·102 ppm 
(calculated in section 5.2.3) and it is consistent with the average value at the intimal 
layer of Rot43 shown in table 5.1. 
 

 
Figure 5.19   Calcium concentration profile plotted versus the distance. This profile is obtained from a 
line scan performed across the whole vessel section of Rot 43, done in a way to hit some micro-
calcifications. This scan will be presented in details in the next section. 
 
Micro-calcifications are well-isolated spots, since the calcium concentration arises from 
the basal level concentration of the intimal layer (about 400 ppm). Figure 5.19 shows 
also the absence of a plateau calcium concentration faraway from micro-calcifications 
while figure 5.18 proved the absence in the close vicinity of a micro-calcification. This 
strongly suggests that calcium precipitations start in a very small region (presumably 
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with a size smaller than one individual cell) in an area with relatively normal calcium 
concentrations. For unknown reasons at the early time point of calcification the calcium 
x phosphorus solubility product locally exceeded a critical level.  
 
The definition of size of a calcification used in this research is now given. A pixel is 
considered part of a calcification if its calcium concentration is abnormal (larger than 
7·10-2 ppm as already calculated in section 5.5). For instance, the size of micro-
calcification A is about 9 µm and the size of micro-calcification B is about 4 µm (see 
figure 5.18). 
In general, the size of the 16 micro-calcification observed in the low shear stress region 
varies from about 2.5 µm until about 10 µm. Calcifications with a size of one 
micrometer size and smaller were observed but couldn’t be analyzed due to beam 
dimension (section 4.5). 
The calcification size is quite approximate since the calcification shapes are most likely 
not regular. It is better to consider the calcification area instead of the size. The area is 
calculated for instance for micro-calcification A. 118 pixels belong with this micro-
calcification (see table 5.2) and the resolution was 0.9 �m. The calcification area is the 
square of the resolution multiplied by the number of pixels, which give in case of 
micro-calcification A an area of 96 �m2. The error on the area is not considered in the 
following graphs and the relative error is estimated to be smaller than 10%. 
The calcium-to-phosphorus ratio of the 16 micro-calcifications found in Rot43 is 
plotted versus the calcification area in figure 5.20. 
 

 
Figure 5.20   Calcium-to-phosphorus ratio plotted versus the calcification area of 16 micro-calcifications 
of Rot43. 
 
From figure 5.20 a linear relation, for instance, between the calcification size and the 
calcium-to-phosphorus ratio is not well defined (r = 0.6). No clear correlation could be 
found but in general larger calcifications have higher calcium-to-phosphorus ratio. This 
means that the calcium concentration increases more than the phosphorus one when the 
dimension of the calcification increases. 
Low ratios are present mainly in smaller sized calcifications. This can happen if the 
calcification is surrounded by biological material in front and behind it (looking from 
the point of view of the beam). These low ratios could be caused by relative high 
phosphorus content in tissue in the close vicinity of the calcium precipitate. 
Unfortunately, no information about the depth of the calcification can be obtained with 
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this technique, but in general, larger calcifications should fill completely the thickness 
of the section (which in mouse sample is between about 2.5 and 3.5 µm). 
 
Figure 5.21 shows a plot of the calcium-to-phosphorus ratio versus the maximum 
calcium concentration and figure 5.22 shows a plot of the area versus the maximum 
calcium concentration. Both the plots are relative to the 16 micro-calcification found in 
Rot43. 
 

 
Figure 5.21   Calcium-to-phosphorus ratio plotted versus the maximum calcium concentration of 16 
micro-calcifications of Rot43. The red line is the linear fit of the points. 
 

 
Figure 5.22   Area of the calcification plotted versus the maximum calcium concentration of 16 micro-
calcifications of Rot43. The red line is the linear fit of the points. 
 
In the last two graphs a linear correlation is more defined than the plot in figure 5.20. In 
fact, the correlation coefficient is 0.9 for plot in figure 5.21 and 0.8 for the plot in figure 
5.22. In general higher maximum of the calcium concentration belongs with a larger 
calcification, which also has higher calcium-to-phosphorus ratio. 
 
In the Appendix 1, the information of the 16 micro-calcifications found in mouse 
tissues is summarized. 
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5.9 Summary and conclusions 
 
There are no large changes in the average composition of the considered elements in 
samples exposed to low and high shear stress, remote from micro-calcifications. 
Sulphur can be used as a marker to distinguish the medial layer from the other vessel 
layer. 
 
Micro-calcifications having areas in the range 6-96 µm2 are found in mouse tissue in 
the region characterized by low shear stress, while virtually no calcifications on the 
micrometer scale are present in the high stress region. The used beam was not small 
enough to analyze calcifications with a size of 2 µm or less. More scans could be done 
when a smaller beam is achieved (at least < 0.5 µm). 
 
Micro-calcifications analyzed seem not to have the same chemical composition. This 
conclusion is reached looking at the results of calcium-to-phosphorus ratio (it varies 
between 0.3 and 4.8) and elemental line profiles. Hydroxyapatite and amorphous 
calcium phosphate, which are suggested in literature as components of calcifications, 
are not enough to explain the variability of the results found. Higher calcium-to-
phosphorus ratios are found and this can lead to the conclusion that other compounds 
rich in calcium (but not in phosphorus) can be present intermixed with hydroxyapatite 
or amorphous calcium phosphate. Oxalate and urate are proposed but the large errors 
afflicted on oxygen and nitrogen concentrations make difficult to draw firm conclusion 
as well as the limited number of calcifications analyzed. The presence of the calcium 
carbonate molecule could explain as well why the calcium concentration increases 
more than the phosphorus. 
 
Zinc and iron do not have a linear correlation with calcium but they show a co-
localization in their concentration with calcium in correspondence of micro-
calcifications. Unfortunately the effective roles of zinc and iron in atherosclerosis are 
still unclear. Bromine co-localizes as well but its presence seems connected more to the 
neighborhood of a micro-calcification and this observation warrants further research to 
potential role of bromine in the onset and progression of atherosclerosis, since in vitro 
biochemical studies have shown that bromine can be trapped into biologically active 
compounds. The compounds could start an inflammatory process inside the vascular 
wall eventually resulting in the deposition of calcium crystals or promote the growth of 
the calcium precipitates. 
 
In general, larger calcifications have higher calcium-to-phosphorus ratios and higher 
maximum of the calcium concentration is associated with larger size of the 
calcification. The calcium concentration increases more than the phosphorus one when 
the dimension of the calcification increases. 
 
Micro-calcifications are isolated spots in which the calcium concentration steeply arise 
and decrease from and to normal background levels. The concentration of calcium does 
obviously not arise from an elevated plateau, suggesting a local onset of the calcium 
precipitation process. The absence of a plateau was verified in the close vicinity (up to 
about 10 µm) and remote from calcifications (up to about 100 µm). 
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6 Micro-calcifications during early stages of 
atherosclerosis of the human coronary artery 
wall 
 
Information about micro-calcifications during early stages of atherosclerosis in human 
arteries is scarce. This chapter analyzes whether calcifications with a diameter less than 
about 10 µm (micro-calcifications) are present in human samples with lesions in the 
early stages (type I, II and III) of atherosclerosis. The measurement is performed using 
the microprobe technique described in chapter 4 and the data is analyzed in the same 
way as discussed for mouse tissues in chapter 5. 
 
The aims of the study described in the present chapter can be summarized as follows: 
• Determine the presence and the position of micro-calcifications in the coronary 

artery wall of three kinds of atherosclerotic lesions in human tissue, i.e. type I, II 
and III lesion. See section 6.2. 

• Determine average elemental concentrations of interesting elements remote from 
micro-calcifications at the intimal layer. See section 6.3. 

• Analyze whether micro-deposits of calcium coincides with increases in 
concentration of phosphorus in order to identify the chemical composition of the 
precipitation. See section 6.4. 

• Classify the micro-calcifications found (calcium-to-phosphorus ratio, area and 
maximum calcium concentration). See section 6.5. 

• Determine whether micro-calcifications are well-defined spots in the middle of 
basic average values of calcium in their neighborhood (up to about 10 µm). See 
section 6.6. 

 

6.1 Materials and methods 
 
Human coronary arteries were collected from autopsy material (Department of 
Pathology, Academic Hospital Maastricht, the Netherlands) from three adult persons 
aged between 47 and 78 years, who died from non-cardiac causes. The tissues were 
rapidly frozen in liquid nitrogen and cut at a thickness of 5 �m in a cryostat microtome 
using Teflon coated disposable knives and sub sequentially put on Pioloform films (100 
nm of thickness). The samples were then dried in cooled air (-35° C). As in the case of 
mouse tissue, the thickness of the dried sample is about 3-4 times smaller than the one 
of the wet tissue. Adjacent sections were put on glass slides and colored with H&E 
technique (haematolxylin and eosin stained) to perform morphology and be able to see 
the structure of the sample with conventional microscopy. An expert pathologist [PAT] 
classified the stained sections according to Stary’s classification (see chapter 2.2.1). 
 

6.1.1 Type I lesion 
 
The type I sample is obtained from the left anterior descendent coronary of a 47 years 
old female patient. Figure 6.1 shows the H&E stained and the hydrogen yield overview. 
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The H&E stained picture is obtained with light microscopy and the yield picture is 
obtained from proton microprobe analysis. The maximum area that can be covered by 
the scanning magnet is 1.2 x 1.2 mm2 and, in order to cover the whole coronary section, 
more scans were performed each sample and consecutively united with Adobe 
Photoshop (this is valid also for the next hydrogen and calcium overview pictures). 
 

   
Figure 6.1   (a) On the left hand side, the H&E stained picture of the reference slice is given. The size bar 
corresponds with 1 mm. Arrowheads indicate the internal elastic membrane. (b) On the right hand side, 
the hydrogen yield distribution picture is given. The color bar used is the same explained in chapter 5 in 
the caption of figure 5.2. The images are adjacent slices of a type I characterized section.  
 
In type I lesion the thickening of the intimal layer is moderate. The anatomical features 
of the hydrogen yield overview picture follow the contours of the histological picture. 
 

6.1.2 Type II lesion 
 
The sample of a type II lesion is obtained from the left anterior descendent coronary of 
a 78 years old female patient. 
 

       
Figure 6.2   (a) On the left hand side, the H&E stained picture of the reference slice is given. The size bar 
corresponds with 1 mm. Arrowheads indicate the internal elastic membrane. (b) On the right hand side, 
the hydrogen yield distribution picture can be seen. The color bar is the same explained in chapter 5 in 
the caption of figure 5.2. The images are adjacent slices of a type II characterized section. [ROI08] 
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In this type II lesion the thickening of the intima is more evident than type I. The 
hydrogen yield overview follows the histology. 
 

6.1.3 Type III lesion 
 
The sample of a type III lesion is obtained from the right ascending coronary artery 
(RCA) of a 72 years old male patient. 
 

     
Figure 6.3   (a) On the left hand side, the H&E stained picture of the reference slice is given. The size bar 
corresponds with 1 mm. Arrowheads indicate the internal elastic membrane. (b) On the right hand side, 
the hydrogen yield distribution picture is given. The color bar is the same explained in chapter 5 in the 
caption of figure 5.2. The images are adjacent slices of a type III characterized section. [ROI08] 
 
In type III lesion the thickening of the intima is more severe than in type II, starting to 
compromise the cross-sectional diameter of the coronary artery (luminal size). Also in 
this case the hydrogen yield overview follows the histology. 
 

6.2 Calcium yield distribution overview pictures 
 
Overview scans with a spatial resolution of 4.5 �m were performed on the three 
samples available in order to find if micro-calcifications were present. Figure 6.4 shows 
the calcium yields distribution pictures for type I (on the top-left), type II (on the top-
right) and type III (at the bottom) lesions. These overview scans were taken at the same 
time as the ones of hydrogen (figure 6.1b, 6.2b and 6.3b). Considerations done in the 
previous section about the morphology of the samples are valid also here. In general, no 
calcifications are expected in early stages of atherosclerosis (see section 2.3 in chapter 
2). 
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Figure 6.4   (a) The calcium yield distribution picture obtained from samples with type I lesion. (b) The 
calcium yield distribution picture obtained from samples with type II lesion. [ROI08] (c) The calcium 
yield distribution picture obtained from samples with type III lesion. [ROI08]. The color bar is the same 
explained in chapter 5 in the caption of figure 5.2. 
 
The calcium overview 6.4a doesn’t show any calcium hotspot larger than the resolution 
of the scan (4.5 µm). The big isolated hotspot is present in the lumen and it coincides 
with a hotspot visible in the hydrogen yield overview (figure 6.1b). It could be an 
artifact since no material should be present in the lumen and it is not interesting in this 
context. 
Figure 6.4b and 6.4c show several calcifications that are present in the intimal layer of 
these samples. The sample of type II lesion seems to have more calcifications than the 
one of type III lesion. 
 
Concentration distributions, with a better resolution than these overview scans have, 
will be shown later in section 6.4. As already noticed in chapter 5, the concentration 
picture is obtained from the yield picture through areal mass density normalization. 
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6.3 Average concentrations of elements in the vessel wall remote from 
micro-calcifications 
 
Elemental concentrations are calculated at the different layers of the human sample 
vessel wall. These findings will be compared in chapter 7 with the one assessed for the 
mouse tissue in chapter 5. The considered elements are the same as in the previous 
chapter. Also for human samples, the average level of calcium is needed to define the 
basic level in profiles of micro-calcifications. 
 
From the calcium yield overview pictures (figure 6.4) areas faraway from visible 
calcifications were chosen and later analyzed with the proton microprobe technique. 
The experimental procedure was the same as the one used for the mice samples. For 
type I lesion tissue, random spots were chosen since apparently there were no 
calcifications from the overview yield picture of figure 6.4a. For the type I lesion, 11 
scans were performed and with the use of the ROI approach explained in section 5.2.2 
different layer areas from one scan were summarized in tables. In total 3 areas for the 
intimal and the adventitial layer and 5 for the medial layer were available. For type II 
and III lesion, 3 areas in the intimal layer each were measured. 
From every set of data and each kind of tissue, the average and the standard deviation 
were calculated. The results are presented in table 6.1. 
 
Table 6.1   Average concentrations expressed in ppm of the considered elements in lesions of type I, II 
and III. The numbers are expressed in ppm, the ratio in the last row is in ppm/ppm. The standard 
deviation in the average is taken as the uncertainty.  

 
Due to the overlap in the backscattering spectrum, the relative errors for carbon, 
oxygen and nitrogen are respectively 1%, 7% and 13%, which are smaller than the ones 
given in section 5.4. In fact, the human samples are about two times thinner than the 
mouse samples and the peaks of the back-scattering spectrum can be separated better, 
resulting in smaller errors. The relative errors of the PIXE elements are given in table 
4.2 of chapter 4. 
 
In general, from table 6.1 it can be seen that the concentration of all the elements are 
comparable in maximum three standard deviations. There are no large changes in the 

type I type II type III 
element adventitia 

(ppm) 
media   
(ppm) 

intima  
(ppm) 

intima 
(ppm) 

intima  
(ppm) 

C (83 ± 6)·104 (76 ± 2)·104 (77 ± 2)·104 (80 ± 7)·104 (82 ± 4)·104 
N (10 ± 5)·104 (15 ± 2)·104 (15 ± 2)·104 (13 ± 6)·104 (11 ± 3)·104 
O (5 ± 2)·104 (6 ± 2)·104 (5 ± 2)·104 (4 ± 2)·104 (5 ± 1)·104 
P (3 ± 1)·103 (6 ± 2)·103 (5 ± 2)·103 (3 ± 1)·103 (5 ± 1)·103 
S (3 ± 1)·103 (9 ± 2)·103 (8 ± 1)·103 (7 ± 2)·103 (6 ± 2)·103 
Cl (5 ± 2)·103 (60 ± 8)·102 (58 ± 7)·102 (7 ± 1)·103 (9 ± 2)·103 
K (3 ± 2)·103 (56 ± 7)·102 (46 ± 7)·102 (5 ± 1)·103 (4 ± 2)·103 

Ca (5 ± 2)·102 (9 ± 2)·102 (8 ± 2)·102 (10 ± 5)·102 (7 ± 3)·102 
Fe (10 ± 9)·101 (8 ± 3)·101 (12 ± 5)·101 (9 ± 3)·101 (6 ± 7)·102 
Zn (9 ± 4)·101 (23 ± 7)·101 (17 ± 5)·101 (9 ± 3)·101 (7 ± 4)·101 
Br (10 ± 5)·102 (13 ± 3)·102 (14 ± 4)·102 (8 ± 2)·102 (6 ± 2)·102 

Ca/P (21 ± 9)·10-2 (16 ± 5)·10-2 (19 ± 8)·10-2 (3 ± 1)·10-1 (17 ± 8)·10-2 
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average composition of the considered elements in the three different types of lesion 
faraway from calcifications irrespective of the type of lesion. 
Also for human it can be noticed that the sulphur concentration in the medial layer is 
higher than in the adventitia. It could be used as a marker for the medial layer like 
already done for mouse tissues in the previous chapter. 
 
The standard deviation of iron in the intimal layer of type III lesion is larger than its 
average. Probably some blood that remained trapped in the sample probably during the 
drying procedure caused this large variation. The three-sigma rule was not successful in 
filtering the data in this case. 
 
Since the calcium average concentrations in the intimal layer of the three kinds of 
lesion are comparable, it is possible to calculate the average of all the pixels of the three 
intimal layers together. The result is (9 ± 4) ·102 ppm, which corresponds to about (6 ± 
3) mmol/l. This value is comparable with the average calcium concentration (about 1 
mmol/l in a muscle cell [SCH89]) in two standard deviations. 
 

6.4 Calcium-to-phosphorus ratio and chemical composition of micro-
calcifications 
 
More detailed scans, with a resolution of 0.9 µm, were performed randomly in the 
intimal layer of the three different samples. The areas of the scan are 28.2 µm2. Figure 
6.5 shows the calcium concentration distributions of three scans, one example for each 
type of lesion. 
 

   
 

 
Figure 6.5   (a) On the top left-hand side, the calcium concentration distribution of an area in the intimal 
layer of the sample with type I lesion. One micro-calcification is labeled with the number 1 and will be 
analyzed later in detail. (b) On the top-right hand side, the calcium concentration distribution of an area 
in the intimal layer of the sample of type II lesion. (c) At the bottom, the calcium concentration 
distribution of an area in the intimal layer of the sample of type III lesion. All the concentrations are 
expressed in ppm. 
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Calcium hotspots are present in the three early types of atherosclerosis as indicated in 
figure 6.5. This means that micro-calcifications are already present when no major 
pathological changes in the artery wall are present such in type I lesions. 
 
The following graph plots the phosphorus versus calcium concentrations of pixels 
belonging to the micro-calcification labeled with number 1 in figure 6.5a. The criterion 
used to decide whether a pixel belongs to the micro-calcification is the same of section 
5.6, but in this case the threshold is 2.1·103 ppm for the calcium concentration and 
4.8·10-1 for the calcium-to-phosphorus ratio. 
 

 
Figure 6.6   Phosphorus plotted versus calcium concentrations in individual pixels belonging to micro-
calcification 1. The red line is a linear fit through the data points. 
 
The 26 points of the plot are fitted following the linear regression theory [TAY97] and 
the results are shown in table 6.2. 
 
Table 6.2   Linear fit ([Ca] = a·[P] + b) of the points shown in figure 5.10 relative to micro-calcification 
A.  

 
 
 
 
 
 

 
There is a good correlation between the concentrations of the two elements since the 
correlation coefficient r is 0.94. The same considerations as presented in section 5.6 are 
also valid for these results.  
 
In total, 28 micro-calcifications have been analyzed: 4 in type I lesion, 15 in type II 
lesion and 9 in type III lesion. For each of them, the calcium-to-phosphorus ratio was 
calculated in the same way shown previously for micro-calcification 1. Figure 6.7 
shows the results in ascending order. 

N 26 
a 1.6 ± 0.1 
b  (-3.4 ± 0.7)·103 
r 0.94 
probN (r = 0) < 0.01% 
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Figure 6.7   Calcium-to-phosphorus ratios in ascending order of 28 different micro-calcifications 
observed in the three kinds of human samples. 
 
The calcium-to-phosphorus ratio varies between 0.2 and 2.2, which can be explained 
with different chemical compositions (see figure 5.15). The highest values seem to 
match with the mass ratio of hydroxyapatite (2.16). Really low ratios could be 
explained by contamination of the calcium deposits with phosphorus-rich material such 
as phospholipids. A discussion about the low ratios can be found at the end of section 
5.6 of the previous chapter. 
On a pixel-base, each individual calcium hot spot possesses its own unique ratio, 
indicating a homogenous composition of the calcium-rich precipitate. On the other 
hand, the calcium-to-phosphorus ratio varies from hotspot to hotspot. In general, the 
composition of the calcium and phosphorus-rich material in the micro-calcifications is 
most likely amorphous calcium phosphate since in this case there is a wide variability. 
The presence of only hydroxyapatite is not enough to explain this variation. 
 

6.5 Classification of the micro-calcifications 
 
The information about the 28 micro-calcifications found in the human tissue samples 
can be further analyzed. The calcium-to-phosphorus ratio, the area of the micro-
calcification and the maximum calcium concentration in the hotspot is known for each 
micro-calcification. This section will present three plots between these three variables 
in order to look for correlations. In the Appendix 2, the information of the micro-
calcifications in human tissues is summarized. 
 
The calcium-to-phosphorus ratio is plotted versus the area of the calcification in figure 
6.8 and versus the maximum calcium concentration in figure 6.9. The calcification area 
is the square of the resolution multiplied by the number of pixels in the micro-
calcification. In figure 6.10, the calcification area is plotted versus the maximum 
calcium concentration. 
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Figure 6.8   Calcium-to-phosphorus ratios plotted versus the calcification area of 28 different micro-
calcifications observed in the three kinds of human samples. 
 

 
Figure 6.9   Calcium-to-phosphorus ratios plotted versus the maximum calcium concentration of 28 
different micro-calcifications observed in the three kinds of human samples. 
 

 
Figure 6.10   Area of the calcification plotted versus the maximum calcium concentration of 28 different 
micro-calcifications observed in the three kinds of human samples. 
 
Although no clear correlation could be found in each of the three figures (Fig 6.8 – 
6.10), in general, the micro-calcifications with lower calcium-to-phosphorus ratio are 
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smaller and reach also a lower maximum calcium concentration. But with the 
increasing of the maximum calcium concentration, it seems that the calcium-to-
phosphorus ratio reaches an asymptote, corresponding with the ratio of hydroxyapatite 
(about 2.16).  
 

6.6 Landscapes of micro-calcification 
 
Landscapes (concentration profiles) of calcium concentration across micro-
calcifications are important to see how steep the calcium concentration increases from 
the surrounding tissues. Comparing the average calcium concentration of the close 
surrounding (up to about 10 µm) with the average calcium concentration faraway from 
calcification is useful to understand if micro-calcifications are isolated spots or they 
grow on an elevated plateau. 
 
Figure 6.11 shows three line profiles of calcium concentrations (one for each type of 
lesion). These profiles are obtained selecting one line of interest of the calcium 
concentration distributions shown in figure 6.5. 
 

  
 

 
Figure 6.11   (a) On the top-left, calcium concentration line profile in type I lesion. (b) On the top-right, 
calcium concentration line profile in type II lesion. (c) At the bottom-left, calcium concentration line 
profile in type III lesion.  
 
With the use of the three-sigma rule (section 5.2.3), one can calculate the average 
calcium concentration in the close vicinity the micro-calcifications. The results are 
shown in table 6.3, where they are compared with the average calcium concentration in 
the intimal layer of table 6.1. 
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Table 6.3   Comparison between the average calcium concentrations faraway from the calcium hotspots 
calculated in section 6.3 (in the intimal layer) and the average calculated in the neighborhood of micro-
calcifications. The values are expressed in ppm and are calculated for the three different kinds of lesion. 
 

lesion average [Ca] 
faraway 

average [Ca] neighborhood 
(< 10 µm) 

type I (8 ± 2)·102 (9 ± 2)·102 
type II (10 ± 5)·102 (13 ± 3)·102 
type III (7 ± 3)·102 (11 ± 5)·102 

 
The averages in table 6.3 are comparable and it can be concluded that micro-
calcifications in human tissue are well-defined spots. 
 
The calcium concentration profile of figure 6.11c (type III lesion) is compared with the 
profiles of the other elements in figure 6.12. 
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Figure 6.12 Comparison of the concentration profiles of the considered elements plotted versus the 
distance. The gray areas correspond to three micro-calcifications. The concentration is expressed in ppm, 
apart from the ratio between calcium and phosphorus that is in ppm/ppm. 
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In figure 6.12, the three gray areas indicate the sites of micro-calcifications. The three 
micro-calcifications that are hit by the profile are respectively labeled as 20, 21 and 22 
in appendix 2 (see figure A.4 and table A.2 for more details). Calcium and phosphorus 
behave in a similar way across the three separate micro-calcifications. The loss of 
carbon and other elements is not evident as in the case of mice of the previous chapter, 
but these micro-calcifications are smaller than the one showed in figure 5.10. Bromine 
increases in 2 cases out of 3; in the human samples the co-localization with trace 
elements (iron, zinc and bromine) is not assessed due to lack of sufficient measurement 
time. 
 

6.7 Summary and conclusions 
 
There are no large changes in the average composition of the considered elements in 
the three different types of lesion (I, II and III), remote from calcifications. 
 
Micro-calcifications are found in early stages of atherosclerosis, even in type I lesion. 
There is no clear distinction between the micro-calcifications present in different types 
of lesion, so they can be discussed together.  
Their area varies between 4 and 29 µm2. The calcium-to-phosphorus ratio varies 
between 0.2 and 2.2. This variation indicates that the composition is not unique. In 
general, the composition of the calcium and phosphorus-rich material in the micro-
calcifications consist of amorphous calcium phosphate or hydroxyapatite. Low ratios 
could be explained by contamination of the calcium deposits with phosphorus-rich 
material such as phospholipids. 
 
Micro-calcifications with lower calcium-to-phosphorus ratio are smaller and reach also 
a lower maximum calcium concentration. But with the increasing of the maximum 
calcium concentration, it seems that the calcium-to-phosphorus ratio reaches an 
asymptote, corresponding with the ratio of hydroxyapatite (about 2.16).  
 
Micro-calcifications in human tissue are well-defined spot. The absence of a plateau of 
higher calcium concentration compared to the normal average one was verified in the 
close vicinity of calcifications (up to about 10 µm). The increase of calcium 
concentration was found to be steep. 
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7 Discussion and final conclusions 
 
In this last chapter, a comparison between the result of the experiments on mouse and 
human tissues is made and the conclusions are summarized. Section 7.1 compares the 
results of the basal elemental concentration measured in the intimal layer. Section 7.2 
summarizes the features of the micro-calcifications. The conclusions about the 
applicability of the proton microprobe for this kind of research are given in section 7.3.  
 

7.1 Background elemental concentration in mouse and human intima 
 
Table 7.1 presents a comparison between the average concentrations of the elements 
under investigation remote from calcium hotspots in the intimal layer of a mouse and 
humans samples. The mouse sample is obtained from a tissue exposed to low shear 
stress (Rot43) with advanced atherosclerotic lesion (type V, called atheroma: see 
chapter 5). The elemental concentrations are also measured in human samples with 
atherosclerotic lesions of type I, II and III (chapter 6). 
 
Table 7.1   Comparison of the average concentrations of some interesting elements measured faraway 
from calcifications in the intimal layer of a mouse tissue with advanced atherosclerotic lesion and human 
samples with lesion I, II and III. The concentrations are expressed in ppm, the ratio in the last row is in 
ppm/ppm. The standard deviation in the average is taken as the uncertainty. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The concentration of the matrix elements, nitrogen and oxygen, varies between the two 
kinds of tissues. It is of note that in both tissues the sum of the matrix elements (C, N 
and O) is 97 ·104 ppm, which correspond to 97% of the total dry mass. 
The concentration of chlorine and potassium is lower by a factor of 2-3 in the mouse 
sample when compared to human tissue. The most likely explanation is wash out of 
these two elements from mouse material during preparation of the samples. The basal 
calcium concentration is also lower in mouse tissue, but both in mouse and human 
tissue the basal level is much lower than found in the calcium hotspots (which can be 
more than 100 times higher).  

element 
mouse 

intimal layer 
(ppm) 

human 
intimal layer 

(ppm) 

C (94 ± 2)·104 (81 ± 6)·104 
N (2 ± 1)·104 (12 ± 5)·104 
O (8 ± 4)·103 (4 ± 2)·104 
P (7 ± 2)·103 (4 ± 2)·103 
S (4 ± 2)·103 (6 ± 3)·103 
Cl (16 ± 6)·102 (7 ± 2)·103 
K (17 ± 6)·102 (4 ± 2)·103 

Ca (4 ± 1)·102 (9 ± 4)·102 
Fe (10 ± 4)·101 (2 ± 4)·102 
Zn (5 ± 2)·101 (8 ± 4)·101 
Br (9 ± 4)·102 (7 ± 3)·102 

Ca/P (5 ± 2)·10-2 (2 ± 1)·10-1 
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The concentration of trace elements (iron, zinc and bromine) is comparable in the two 
tissues within maximum two standard deviations and the same is true for the other 
elements in the table. The presence of bromine is quite relevant, indicating that vascular 
tissue is able to accumulate bromine from the blood compartment. 
 

7.2 Typical features of micro-calcifications in the intimal layer 
 
Micro-calcifications were found in human coronary sections with atherosclerosis at 
early stage lesions. This fact disagrees with the current paradigm [ROS99, LUS00, 
LIB01, BEC04, STA00b and SCH80], which states that deposition of calcium 
phosphate compounds occurs in the later stages of the disease. Micro-calcifications 
were also found in a low shear stress region of a mouse carotid section. 
 
Table 7.2 summarizes the number and the properties of the micro-calcifications found 
in mouse and human tissues. 
 
Table 7.2   Summary of some important characteristic of the micro-calcifications found in mouse and 
human tissues. 

 
 
 
 

The calcium-to-phosphorus ratio reaches higher values in mouse tissue than in the 
human one, respectively 4.8 and 2.2. In mouse tissue, larger calcifications are observed 
compared to human tissue, most likely because the lesion is more advanced (type V 
versus I, II and III). It is reasonable to assume that calcifications grow with the increase 
of the time; this notion is supported by the fact that micro-calcification were not visible 
with standard pathological techniques in tissue displaying an early stage of 
atherosclerosis. 
This variation in the Ca-to-P ratio indicates that the chemical composition of the micro-
calcifications is not unique. The composition of the calcium and phosphorus-rich 
material in the micro-calcifications is most likely amorphous calcium phosphate or 
hydroxyapatite. But in order to explain the large calcium-to-phosphorus ratios found in 
mouse tissue, another compound rich in calcium must be present intermixed. Oxalate 
and urate are proposed as alternative anions in the calcium-rich precipitate. Calcium 
carbonate could be present as well. 
In general, these findings indicate that the chemical composition differs between mouse 
and human atherosclerotic micro-calcifications. The question whether this implies that 
the nature of the atherosclerotic process is different between mouse and human vascular 
tissue needs further investigations, especially mouse samples with early stage lesion 
should to be analyzed.  
 
In the mouse sample, a linear correlation was found between the maximum calcium 
concentration and both the calcium-to-phosphorus ratio and the calcification area. 
Larger calcifications have higher calcium-to-phosphorus ratios and a higher maximum 
of the calcium concentration is associated with a larger size of the calcification.  
In the human samples, such a clear linear correlation was not found. In contrast, it 
seems that the calcium-to-phosphorus ratio reaches an asymptote, corresponding with 
the ratio of hydroxyapatite (2.16). 

 N Ca-to-P ratio area (µµµµm2) max Ca (ppm) 
mouse 16 0.3 - 4.8 6 - 96 3.2·103 – 7.9·104 
human 28 0.2 - 2.2 4 - 29 2.6·103 – 2.0·104 
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Co-localization between micro-calcification and the accumulation of zinc, iron and 
bromine is generally found in mouse tissue (in human tissues this co-localization was 
not investigated). Further studies are required to elucidate the role of these three 
elements in the atherosclerotic process. Of particular interest may be the observation 
that increased levels of bromine were present in close vicinity of the calcium hotspots. 
Since biochemical in vitro studies have shown that bromine can be easily trapped in 
highly active substances [DAL01, HED01 and WWU99], evoking inflammatory 
reactions at a cellular or sub-cellular scale, the (patho-) physiological role of bromine in 
the onset and progression of calcium precipitation is worth to be investigated in full 
detail.  
 
Micro-calcifications in mouse and human tissue are well-defined spots in which the 
calcium concentration arises and decreases from normal background levels very steep. 
The absence of a plateau of higher calcium concentration compared to the normal 
average one was verified in the close vicinity of calcifications (up to about 10 µm). 
 

7.3 Applicability of the proton microprobe in studies on 
atherosclerotic tissue 
 
With the proton microprobe, which involves more techniques at the same time as the 
Proton Induced X-ray Emission (PIXE), the Backscattering (BS) and the Forward 
Scattering (FS) Spectroscopy, the investigator is able to measure simultaneously the 
concentration of several elements in the order of parts per million (µg/g dry weight) 
with sub-micrometer precision.  
A beam size around 0.8 �m could be easily reached and was used in this research. The 
current was a few hundred pA. The beam size must be about 2.5 times smaller than the 
smallest calcification one would asses, in order to keep the relative error (due to beam 
size) of the elemental concentration smaller than 11%. This means that the smallest 
calcification that could be made visible in this research was about 2 �m size. The beam 
can be focused to a smaller size, but the measurement time would than increase 
drastically (it is proportional to the current). The beam size (FWHM) has been reduced 
to about 0.5 µm at best. A serious disadvantage of the used technique is the 
measurement time that can easily reach 20 hours per section, depending on the beam 
current and the thickness of the sample. The beam was stable during the measurements. 
The microprobe was optimized for the detection of trace elements but still the detection 
limit in some spots was not enough low, especially to detect elements like iron or zinc. 
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Technology assessment 
 
Atherosclerosis is the most common cause of death and disability in developed 
countries by causing heart attack or stroke. Bad life style habits as smoking, high fat 
diet, stress, etc, are factors that can influence the development of the disease. For these 
reasons atherosclerosis is considered the disease of the century and a big part of the 
biomedical research focuses on its understanding. 
 
At the Eindhoven University of Technology, a combination of Particle Induced X-ray 
Emission (PIXE) and Rutherford Backscattering Spectroscopy (RBS) can 
simultaneously measure concentrations of a variety of elements in the order of parts per 
million (µg/g dry weight) with sub-micrometer precision. Atherosclerotic micro-
calcifications, coming from mouse and human tissue, are analyzed with this analytical 
technique in order to understand whether the developing of the disease is similar in the 
two kinds of tissue.  
 
In particular, early development of the disease is not completely understood and the 
presence of micro-calcifications at the early stages of human atherosclerosis is here 
investigated. The investigation is needed to disclose whether micro-calcifications and 
the presence of certain trace elements are innocent bystanders or are playing an 
important role in the onset and progression of the atherosclerotic process. 
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Glossary 

 

Adventitia (tunica) The outermost layer of a blood vessel wall. 
Angina pectoris Severe chest pain due to cardiac ischemia. 
Apoptosis Programmed cell death. 
Atheroma A densely packed accumulation in artery walls of foam cells, 

lipids, calcium and a variable amount of fibrous connective tissue. 
Atherosclerosis  A progressive and chronic inflammatory disease mainly affecting 

the large and medium-sized arteries. 
Bromination The process of introducing bromine into a molecule.  
Calcification Deposits of insoluble calcium salts in the tissues. 
Cholesterol The most common type of steroid present in the body. 
Collagen Long, fibrous and structural proteins. It is the most abundant 

protein in mammals. 
Elastin Elastin is a protein in connective tissue having elastic properties. 
Eosinophil Circulating cell involved in inflammatory processes. 
Endothelium The thin layer of cells that line the interior surface of the intimal 

layer of a blood vessel wall. 
Fatty streak Combination of foam cells and T-cells. 
Fibrous cap A layer of fibrous connective tissue on the top of an atheroma. 
Foam cell Macrophages, containing digested (oxidized) LDL particles. 
Intima (tunica) The innermost layer of a blood vessel wall. 
Ischemia Lack of tissue oxygen due to impaired local blood flow supply. 
Internal elastic 
membrane 

A sheet of elastin present between the tunica intima and the tunica 
media. 

LDL Lipoprotein that transports cholesterol from the liver to peripheral 
tissues. 

Leukocyte or White 
blood cell 

Cell of the immune system defending the body against both 
infectious disease and foreign materials. 

Lipid Any of a group of organic compounds, including the fats, oils, 
waxes, sterols, and triglycerides, which are insoluble in water. 

Lipoprotein Transport vesicle in blood with a lipid core and a surface 
consisting of phospholipids and proteins. 

Lumen The interior of a vessel through which blood flows.  
Macrophage A type of white blood that ingests foreign material. 
Media (tunica) The middle layer of a blood vessel wall. 
Myofibroblast A differentiation of a fibroblast. It produces compounds such as 

collagen and elastin. 
Necrosis The death of living cells or tissues. 
Prussian blue stain Staining technique used to mark iron. 
T-cells A group of white blood cells, also known as lymphocytes, which 

plays a central role in cell-mediated immunity. 
Thrombosis A blood clot that forms inside a blood vessel or cavity of the heart. 
Wall shear stress The tractive force per unit area applied by the blood on the 

endothelium. 
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Appendix 1 micro-calcifications in mouse tissue 
 
Figure A.1 shows the calcium concentration distribution pictures of the micro-
calcifications found in the intimal layer of Rot 43, the low shear stress sample coming 
from a mouse carotid. Table A.1 collects the information relative the calcium-to-
phosphorus, the maximum calcium concentration and the area of the 16 micro-
calcifications found in Rot43. 
 

     
 

 
Figure A.1   Calcium concentration distribution maps that show the micro-calcifications found in the 
intimal layer of Rot43, the low shear stress sample coming from a mouse carotid. The micro-
calcifications are labeled with letters from A to P. The concentration is expressed in ppm. 
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Table A.1   The calcium-to-phosphorus ratio, the maximum calcium concentration and the area of the 16 
micro-calcifications found in mouse tissue Rot43. 

 
 
 
 
 

 
 
 
 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Label Ca-to-P 
ratio 

Max [Ca] 
(ppm) 

Area 
(µm2) 

A 4.8 ± 0.2 7.9·104 96 
B 0.3 ± 0.1 3.9·103 15 
C 4.7 ± 0.3 3.9·104 23 
D 0.9 ± 0.5 4.7·103 10 
E 1.3 ± 0.1 9.5·103 16 
F 0.7 ± 0.2 3.2·103 6 
G 4.2 ± 0.4 5.8·104 70 
H 1.8 ± 0.7 1.5·104 14 
I 0.9 ± 0.1 5.3·103 49 
J 3.6 ± 1.0 4.7·104 51 
K 3.2 ± 0.4 3.0·104 61 
L 1.8 ± 0.3 2.4·104 39 
M 3.3 ± 0.3 2.1·104 35 
N 2.0 ± 0.5 2.3·104 20 
O 3.1 ± 1.5 2.7·104 35 
P 2.4 ± 0.6 3.2·104 52 
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Appendix 2 micro-calcifications in human tissues 
 
Figure A.2, A.3 and A.4 show the calcium concentration distribution pictures of the 
micro-calcifications found in the intimal layer of human samples, respectively type I, II 
and III lesion. Table A.2 collects the information relative the calcium-to-phosphorus, 
the maximum calcium concentration and the area of the 28 micro-calcifications found 
in the three human samples. 
 

 
Figure A.2   Calcium concentration distribution map that shows the micro-calcifications found in type I 
lesion sample of a human coronary. The micro-calcifications are labeled with numbers from 1 to 4. The 
concentration is expressed in ppm. 
 

   
 

 
Figure A.3   Calcium concentration distribution maps that show the considered micro-calcifications in 
type II lesion sample of human coronary. The micro-calcifications are labeled with numbers from 5 to 
19. The concentration is expressed in ppm. 
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Figure A.4   Calcium concentration distribution maps that show the considered micro-calcifications in 
type III lesion sample of human coronary. The micro-calcifications are labeled with numbers from 20 to 
28. The concentration is expressed in ppm. 
 
 
Table A.1   The calcium-to-phosphorus ratio, the maximum calcium concentration and the area of the 16 
micro-calcifications found in mouse tissue Rot43. 

 
 
 
 
 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Label Ca-to-P 
ratio 

Max [Ca] 
(ppm) 

Area 
(µm2) 

1 1,6 ± 0.1 1.6·104 21 
2 1,2 ± 0.2 7.1·103 18 
3 1,4 ± 0.1 8.4·103 19 Ty

pe
 I 

4 1,8 ± 0.1 1.5·104 10 
5 0,3 ± 0.2 3.3·103 7 
6 0,8 ± 0.2 3.0·103 6 
7 1,6 ± 0.2 8.2·103 13 
8 2,2 ± 0.2 6.3·103 11 
9 0,7 ± 0.3 5.5·103 11 

10 0,8 ± 0.2 2.8·103 7 
11 2.0 ± 0.1 1.3·104 26 
12 2,2 ± 0.1 1.0·104 29 
13 1,9 ± 0.1 1.7·104 25 
14 1.0 ± 0.2 4.5·103 8 
15 1,4 ± 0.1 6.4·103 11 
16 0,2 ± 0.1 2.6·103 6 
17 1.1 ± 0.3 3.1·103 4 
18 1,4 ± 0.1 7.1·103 21 

Ty
pe

 II
 

19 1,4 ± 0.2 5.1·103 16 
20 1,9 ± 0.5 5.2·103 7 
21 1,5 ± 0.2 6.7·103 15 
22 1,8 ± 0.1 2.0·104 17 
23 2,1 ± 0.1 1.5·104 19 
24 1,1 ± 0.3 3.6·103 7 
25 1,4 ± 0.1 8.7·103 15 
26 1,2 ± 0.2 1.0·104 8 
27 1,7 ± 0.1 8.8·103 11 

Ty
pe

 II
I 

28 1,6 ± 0.2 5.7·103 23 
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Appendix 3 landscape of mouse carotid section 
 
This measurement covers the whole sample (Rot43) from one side of the adventitia till 
the other one through the medial and intimal layers. This scan was performed in order 
to have an idea of the behavior of the considered elements across the whole vessel 
section and to compare different elements between them. 
The area of interest is 512 x 32 µm2, the beam size was 0.8 x 0.7 µm2 and the total 
accumulated charge was 76 µC.  The measured area is shown in figure 5.6b of chapter 
5 (rectangle 3). 
 

Figure A.5: concentration distributions of the considered elements across the mouse carotid vessel wall. 
In the calcium concentration map a line of pixel is selected in yellow. 
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It is possible to focus on one particular line of pixels in order to compare profiles for 
different elements (landscapes). The choice is the line that hits more micro-
calcifications (see yellow line in figure A.5, calcium concentration map) and the 
profiles are compared in figure A.6. 
 
In figure A.6, the yellow marker evidences two micro-calcifications and the pink ones 
indicate the medial layer. Note that in connection with the pink layer the sulphur 
concentration increases, as explained in section 5.2.2. Again, where the micro-
calcifications are present, drop in carbon concentration and increase in phosphorus 
concentration are noticed. 
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Figure A.6   Comparison of the profiles of the considered elements across the yellow line selected in the 
calcium concentration distribution in figure A.5. The profiles are plotted versus the distance. The yellow 
areas correspond to two micro-calcifications and the rose ones to the medial layer. The concentration is 
expressed in ppm, apart from the ratio between calcium and phosphorus that is in ppm/ppm. 
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