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Abstract 

 

The purpose of this study is to assess the feasibility of a non-invasive, reliable, and 

cheap method to evaluate iron-overload in beta-thalassemia major patients. The 

approach taken was through the possibility of in-vivo measurement of iron in the skin 

using a technique called x-ray fluorescence (XRF). It was hoped that the quantification 

of iron levels in the skin will correlate with those levels in major parenchymal organs, 

such as the liver and the heart – where most iron deposition occurs in thalassemic 

patients. Water phantoms were used to produce a calibration line with an R
2
 value of 

0.998. Skin, liver and heart tissues from 36 control mice were measured and their iron 

levels quantified. Iron concentration range in the skin was found to be -2 – 38 ppm 

with an average of 9.8 ± 1.6 ppm. Significant correlation was found between the iron 

levels in skin vs. heart (Rs
2
 of 0.382); however, it was not significant in skin vs. liver 

(Rs
2
 of 0.080). Skin biopsies from various sites of 6 cadavers were investigated in a 

synchrotron light source facility (CLS in Saskatoon, SK). Maps of iron, zinc and 

calcium distribution as a function of skin depth were then constructed. It was found 

that all three elements were significantly present in the epidermal layer compared to 

the dermal one. Calcium and zinc were present in the entire epidermis, whereas iron 

was mainly concentrated at the deepest region of the epidermis. It was also concluded 

that skin samples from the back, arm and thigh gave the clearest elemental distribution. 
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Chapter 1: Introduction 

 

1.1. Iron (Fe) 

Iron is the 26
th

 element in the periodic table. It is the fourth most abundant terrestrial 

element in the earth’s crust (~ 4.7%).
 [1]

 Iron exists in a wide range of oxidation states: 

-2 to +8, which gives it the capability to donate and accept electrons. Ferrous (Fe
2+

) 

and ferric (Fe
3+

) are the two most common states. As a result, iron is a very important 

nutrient for most living organisms, as it has the capability to bind with many oxygen-

binding molecules, such as hemoglobin.
[2] 

However, excess iron will generate into 

reactive  free-radical ions, which could be very damaging to cells and tissues.
[2,3]

 

On average, the human body contains 3-5 g of iron, of which about 70% is used for 

hemoglobin synthesis. The basic outline of iron metabolism in the body is as follows: 

iron absorption from nutrients occurs in the duodenum region of the small intestine. In 

the intestinal lumen, Fe
3+

 is reduced to Fe
2+

, which is then transported across the 

duodenal epithelium. The next step involves the reoxidation of Fe
2+

 back to Fe
3+

, 

which is then attached to the plasma iron carrier: transferrin. Transferrin will then 

deliver the iron to the bone marrow and tissues for iron-containing protein 

production.
[2,3]

 Excess intra cellular iron will be removed by a protein called ferritin
[3] 

and stored in the liver.
[2,3]
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1.2. Thalassemia 

Thalassemia (British English: Thalassaemia) is a hereditary autosomal recessive blood 

disorder originating from the Mediterranean region, thus the name comes from the 

Greek thalassa for sea and -haima for blood.
 [4-6]

 

Hereditary autosomal disorder means that the gene responsible for the disease is not 

found in the sex chromosome. Thalassemia has a recessive pattern of inheritance
 [5]

 

(although dominant thalassemia has been reported
 [6]

), which means that both parents 

have to be carriers in order for a child to be affected (figure 1.1). 

 

Figure 1.1: Thalassemia genetic inheritance 

 

Hemoglobin is an iron-containing protein found in red blood cells. It consists of a 

heme ring and four globin chains: two alpha chains and two beta chains 
[4, 7]

 (figure 

1.2).
 
In healthy individuals, the production of alpha and beta chains is balanced. 
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Individuals with α-thalassemia have a deficiency in the production of alpha chains, 

whereas those with beta-thalassemia have a reduced production in the number of beta 

chains, or they are not produced at all.
 [4, 7, 8]

 

 

Figure 1.2: Hemoglobin basic structure 

 

For the purpose of this study, the focus will be on β-thalassemia. β-thalassemia is 

“caused by any of more than 200 point mutations or, rarely, the deletion of both the 

beta-globin genes” in chromosome 11.
[4,6-8] 

 

Thalassemia is considered one of the most common hereditary anemias in the world.
 

[5,8]
 The World Health Organization (WHO) estimates that 1.5% of the world’s 

population might be carriers (heterogeneous) of β-thalassemia,
[6,7]

 and 1 in every 

100,000 people in the world are symptomatic (homogenous).
[6]

 This disease prevails 

among the communities originating from the Mediterranean, the Middle East, South 

and Central Asia, as well as Southern China.
[5,7]

 

There are three different types of β-thalassemia: minor, intermedia, and major.
 [5-8]
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Individuals with β-thalassemia minor have only one β-globin gene with the 

thalassemia mutation.
 [8]

 Those individuals are only carriers of the disease and are 

asymptomatic with only mild or no anemia.
[6,8]

 Individuals with β-thalassemia 

intermedia have two beta-globin genes with the thalassemia mutation, where at least 

one of them is mild.
[8]

 Those individuals suffer from mild to moderate anemia and 

usually do not require blood transfusion, depending on the severity.
[6,8]

 

Individuals with β-thalassemia major have both of their beta-globin genes carrying a 

severe thalassemia mutation.
 [7,8]

 Those individuals are usually diagnosed with the 

disease within the first two years after birth.
[6]

 Such children will suffer from growth 

retardation, abdominal enlargement, irritability, pallor, jaundice, splenomegaly 

(expansion of bone marrow), among other symptoms, and thus will require life-long 

blood transfusions to grow normally and survive.
[4,6,8]

 

One way of diagnosing β-thalassemia is with a blood test. Such a test will determine 

the size of red blood cells (RBC) as well as the hemoglobin they contain. Due to the 

reduced number of hemoglobin, individuals with β-thalassemia will have paler RBC’s 

that, also, are different in shape compared to normal individuals.
[5]

 

Thus far, the only definitive curative therapy for β-thalassemia major is a bone marrow 

transplant.
 [4,5]

 This treatment was developed in 1981
[5]

 and has a success rate of 80-

90% for children who are identified early with no viral hepatitis development or severe 

overload (i.e. before receiving any treatments) and have a human leukocyte antigen 
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(HLA) with identical stem-cell transplant from a related donor. Otherwise, the process 

is very risky with 25-30% morbidity and mortality rate.
 [7]

 

The most common treatment for β-thalassemia major is a life-long blood transfusion.
 

[4-8]
 Blood transfusions are preformed to maintain a minimum hemoglobin level of 9.5 

– 10.5 g/dL,
[4,7,8]

 which is usually done every two to four weeks.
 [6]

 Transfused patients 

may develop a series of complications; iron overload being the most serious.
 [5, 6]

 

“Hepcidin is a small peptide that inhibits iron absorption in the small bowel”.
 [8]

 

Normally, hepcidin levels are increased when iron levels are elevated in the body. 

Studies showed that β-thalassemia patients have much lower levels of hepcidin. Iron 

deposition mainly occurs in vascular organs, such as the heart, liver and endocrine 

glands, causing tissue damage to these organs, and eventually, dysfunction and 

failure.
[4,8]

 In fact, 71% of β-thalassemia major patients die due to cardiac 

complications.
[4,6]

 

The human body does not have effective ways to remove excess iron. As a result, iron-

binders (chelators) are needed for excess iron excretion through the urine and/or 

faeces.
[5,6]

 Chelation therapy usually starts after the patient has had 10–20 transfusions 

or when ferritin levels are above 1000 ng/ml.
[6]

 One of the most used iron-chelator 

agents is deferoxamine (DFO).
[4,6-8]

 The problem with DFO is that it is not orally 

absorbed; 8 to 12 hour of parenteral infusion for 5 – 7 nights a week is required. Thus, 

DFO is considered to be a painful process to the patient, as well as being costly and 

having other side-effects.
[6]

 As a result, many chelator agents have been developed in 
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recent years, namely: deferiprone (DFP) and deferasirox. DFP is an orally active iron-

chelator agent and has shown to be more effective in the removal of iron with much 

fewer side-effects.
 [4, 6, 7]

 

In order to ensure the effectiveness of chelation therapy (the need and the timing of 

treatment), assessment of iron-levels is crucial. There are many methods used to 

evaluate iron levels. “Serum Ferritin has in general been found to correlate with body 

iron stores”.
[6]

 However, this is considered unreliable, especially if the patient suffers 

from liver disease,
[6,7]

 inflammatory disorders, and malignancy.
[6]

 Another method is 

liver biopsy, which is considered the gold standard for accurate measurement of iron 

levels.
[6,7]

 The down side of this method is that it is invasive and has a mortality rate of 

0.1%.
[9]

 A non-invasive option for iron-overload assessment is magnetic bio-

susceptometry (SQUID), which is considered either equivalent or more accurate than 

liver biopsy; however, this technique is only available in four centres worldwide.
[6,8]

 In 

recent years, many studies have shown that magnetic resonance imaging is a promising 

method to be used in iron overload assessment. This approach is still under-studied 

and needs long term research to approve its effectiveness.
 [6, 8]

 

When proper treatment of β-thalassemia major is achieved, those individuals usually 

live beyond 40 years of age.
 [6]
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1.3. X-Ray Fluorescence (XRF) 

XRF is a physical phenomenon that results in the emission of characteristic x-rays due 

to photon interaction with an atom in a process called the “photoelectric effect”. This 

method is utilized in many scientific studies, such as in-vivo elemental analysis, 

chemical analysis and archeology. 

The first step to achieve XRF is to have an initial photon beam source. This is 

provided either by the emission of gamma rays from a radioactive material, or by the 

emission of photons from an x-ray tube. When interacting with a target atom, a photon 

will be completely absorbed as its energy transfers to an inner-shell electron. The 

minimum energy a photon requires to remove an electron from an atomic shell, called 

the “absorption edge”, has to be greater than or equal to the binding energy of the 

electron. This process will result in a vacancy in the inner shell of the atom, and thus, 

it becomes excited. An excited atom will always get back to its ground state; hence, an 

electron from an outer shell (higher energy shell) will transfer to the vacated space to 

be filled. As a result of the difference between the binding energies of the two shells, 

the excess energy will either be released as a characteristic (of the element) x-ray, or in 

a form of Auger electrons.
[10-12]

 The probability for an atom in an excited state to emit 

an x-ray photon, in its first transition, rather than an Auger electron is called the 

“fluorescence yield”, which increases as the atomic number, Z, increases.
[11]

 The 

fluorescence yield for iron is 35.5%.
[13]
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Another concept that has to be explained is the different shells of an atom. Electrons 

orbit the nucleus in shells. These shells are identified by the letters K, L, M, etc.
 [12]

 

with K being the innermost shell to the nucleus. Fluorescence from both K and L 

shells is possible, however, energies released due to L-shell vacancies are considered 

very small (0.7050 keV and 0.7185 keV
 [14]

) in the case of iron to be detectable. On the 

other hand, energies released due to K-shell vacancies are much larger (Table 1.1) and 

they dominate the detectable photons. When a K-shell vacancy is filled by an L-shell 

electron, a Kα x-ray is produced (figure 1.3), whereas when it is filled by an M-shell 

electron, a Kβ x-ray is produced.
 [12]

 Although the Kβ has the larger energy of the two 

(since the energy difference between the K-shell and M-shell is larger), the Kα has a 

higher intensity, thus the Kα energy-line is the main focus of this study. 

 

 

 

 

Table 1.1: K-shell Characteristic x-rays produced from the fluorescence of iron
 [14]

 

 

 

Figure 1.3: Kα x-ray photon production
 [15]

 

X-Ray Line  Energy [keV]  Relative Intensity  

Kα1  6.3908  50  

Kα2  6.4038  100  

Kβ1  7.0580  17  
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From Table 1.1, Kα1 and Kα2 are very close in value, and are indistinguishable when 

detected. Thus they are treated as one signal at 6.40 keV. It is also worth mentioning 

that incident beam energies just above the absorption edge will result in a maximum 

generated signal per incident flux. The K-absorption edge for iron is 7.11 keV.
 [14]

 

To know how deep in a sample iron atoms can be detected with XRF, the mean free 

path (MFP) from iron fluorescence has to be determined. MFP is the average distance 

traveled by a photon between collisions in a material. MFP depends on both the energy 

of the photon and the material of the sample. It is defined as: MFP = µ
-1

, where µ is the 

linear attenuation coefficient. In water and soft tissues, the MFP for a 6.40 keV photon 

is 0.46 mm. This means that in water and soft tissue samples, a thickness of 0.46 mm 

will cause the attenuation of 37% (1/e) of the Kα Fe fluorescence. 

In addition to photoelectric effect, scatter is another important photon interaction that 

is detected when using XRF techniques. There are two types of scattering interaction 

involved: elastic scattering (known as coherent) and inelastic scattering (known as 

Compton). In Compton scattering (for low energy x-rays), a collision between the 

photon and a free electron or a loosely bound one from the atom will occur. As a result 

of this collision, some of the photon energy will be transferred to the recoil electron, 

and the photon will change its direction. The new energy, E’, of the photon is 

represented by:
 [10-12]

 

   
 

    
   

          
  (1.1) 
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where E is the initial energy, m0c
2
 is the rest mass energy of an electron, and θ is the 

angle between the initial and the scattered photon. 

The energy produced by Compton scatter is not exactly at the expected energy (from 

eq. 1.1), but rather, it is distributed around it. This is called the Doppler broadening. 

The probability that a photon will be scattered into a solid angle dΩ is described by the 

differential Klein-Nishina collision cross section:
 [11, 12]

 

       

  
  

  
 

 
                         

           

           
         (1.2) 

where re is the radius of the electron and k is the energy of the photon. 

In coherent scattering, the photon interacts with the atom as a whole instead of a single 

electron. As a result of a relatively heavy atomic mass, the photon only changes its 

direction with no loss of energy. 

1.4. Skin 

Skin is the body’s largest organ and covers its entire external surface. It contributes 

approximately 15% of the total body mass.
 [16]

 The skin is a very important organ 

because it provides the body protection from external environmental harm and from 

microorganisms; it regulates the body temperature through sweating; as well as being 

the location of vitamin D production.
 [17]
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The skin consists of two layers; the outer epidermis layer and the inner dermis layer 

(figure 1.4: a). The junction between the two layers is not flat, but rather a cone-like 

surface. 

The epidermis is an avascular (not supplied by blood) layer and receives its nutrients 

from the dermis via diffusion. The epidermis consists of five different layers (figure 

1.4: b). The stratum basale is the deepest layer of the epidermis; just above the 

basement membrane (separating from the dermis). This layer is composed of a single 

layer of columnar to cuboidal-shaped cells. They are mitotically active. The newly 

formed cells push the older ones up towards the surface. Just above this layer is the 

stratum spinosum. This is the thickest layer in the epidermis (other than thick skin). It 

consists of four to six rows of cells, which are polyhedral in shape. This layer is 

created as a result of the cell movement from the basale layer. Cells at the bottom of 

this layer are still mitotically active; however, these cells stop dividing and get 

flattened as they move further up. The next layer is the stratum granulosum. This layer 

is three to five cell rows thick. The cytoplasm of the cells in this layer contain 

organelles called lamellar granules, which are formed by lipid bilayers. Those granules 

are discharged into the extracellular space and will act as a barrier that prevents 

aqueous liquid movement from or into the dermis. The next layer is the stratum 

lucidum. This layer is only present in thick skin (palm and foot). It is tightly packed 

with dead, flattened cells with no nuclei or organelles; however, it contains densely 

packed keratin filaments. This layer is very thin and it is barely visible. Lastly is the 

stratum corneum. It is the topmost layer of skin and the thickest layer of the epidermis 
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in thick skin. This layer mainly consists of flattened dead cells with no nuclei or 

organelles.
 [16, 17]

 

  

Figure 1.4: a: A diagram of the human skin.
 [18]

 b: A histologic image showing the 

different layers of the epidermis in thick skin.
[19]

 

 

The dermis is the connective tissue layer of the skin and is thicker than the epidermis 

(table 1.2). It consists only of two layers. The top one is the dermal papillae, which is 

mainly filled with connective tissue fibers, fibroblasts, blood vessels, capillaries, and 

other loose connective tissues. Under this layer comes the deepest layer of the skin: the 

reticular layer. This layer is thicker than the dermal papillae. It also contains 

connective tissue fibers but fewer cells than the dermal papillae.
 [17]

 This layer contains 

sweat glands and their ducts, sebaceous glands, hair follicles, arrector pili muscles, and 

mechanoreceptors.
 [16]

 There is no clear boundary between the two layers of the 

dermis.  

a 
b 
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Below the dermis layer, there is another layer called hypodermis (aka subcutaneous 

fat). Hypodermis is not considered part of the skin and it is the site of fat storage. 

 Male Female 

Site Epidermis 

(µm) 

Dermis 

(µm) 

Epidermis 

(µm) 

Dermis 

(µm) 

 

Thigh (medial) 

Thigh (lateral) 

    

50-70 

39-78 

1100-1300 

1200-1800 

18-55 

45-63 

830-1000 

950-1400 

 

Upper arm (medial) 

Upper arm (lateral) 

    

37-52 

41-71 

1200-1300 

1300-1900 

34-43 

40-45 

730-800 

670-1300 

 

Back 

    

49-92 2200-2500 45-61 1500-1900 

 

Sole 

    

940-1400 1300-1800 850-1100 1500 

 

Table 1.2: Example of epidermis and dermis thicknesses from various parts of human 

skin
 [20]

 

 

The skin is considered a very suitable tissue for this study because it is readily 

accessible for examination and easy to be used as a non-invasive target for XRF 

experimental purposes. 

1.5. In-Vivo XRF Measurements of Iron in Skin: Previous Studies 

The importance of many metallic elements in the function of the human was 

recognized long ago. These elements are present in very small amounts (trace) and 

were very hard to quantify due to the lack of suitable technologies. Many analytical 

techniques were developed and it is now possible to measure these elements. One of 

these techniques is x-ray fluorescence.
 [21]

 XRF has been used as a technique for 

measuring various trace elements in-vivo since the early 1970s.
 [12]

 However, there are 
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only a few studies that have been preformed for in-vivo iron measurements in the skin. 

The most extensive work on iron levels in the skin in β-thalassemia patients has been 

reported by Gorodetsky and Farquharson.
[9, 22-26]

 Gorodetsky et al.
[22]

 used XRF to 

measure iron levels in two locations of the skin (skin from the thenar eminence and 

skin from the flexor surface of the forearm) in normal controls, β-thalassemia 

intermedia and β-thalassemia major patients. Table 1.3 summarizes their findings. 

 β-Thalassemia Inter. β-Thalassemia Major Normal Controls 

 Mean ± SD Range Mean ± SD Range Mean ± SD Range 

Fe-T 16.8 ± 11.4 6.7-58.3 35.1 ± 18.3 13.1-120.0 11.5 ± 2.4 5.9-14.0 

Fe-A 17.7 ± 10.6 7.1-40.4 46.5 ± 24.9 14.4-150.0 10.2 ± 2.5 6.0-14.4 

 

Table 1.3: Summary of Gorodetsky et al.
 [22]

 findings of iron concentrations in normal 

controls and β-thalassemia patients. T = Skin of thenar eminence (palm); A = skin of 

the flexor surface of the forearm. Values measured in parts per million. 

 

In one study, Farquharson et al.
 [25]

 used iron-loaded rats (Sprague-Dawley rats) to 

compare iron levels in skin to those in liver, heart and spleen. They found the R
2
 

values for the liver, heart and spleen to be 0.86, 0.86 and 0.88 respectively. They 

concluded that there is a strong correlation between these organs and that XRF can be 

used as a non-invasive method for iron assessment in β-thalassemic patients. 

Another study showing iron measurements in the skin using XRF was done by 

Ackerman et al.
 [27]

 The research was done on varicose ulcers rather than β-

thalassemia. They found the mean concentration of iron in normal skin to be 14 ± 2.5 

ppm, which is similar to Gorodetsky’s results, and a range of 3 – 46 ppm, which is a 

much wider range compared to Gorodetsky’s. 
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In a more recent study, Marcelo et al.
 [28]

 used a portable XRF system to measure iron 

concentration in the skin of healthy individuals and β-thalassemic patients. They 

reported that thalassemia patients showed 74 ± 6 ppm of iron compared to 53 ± 5 ppm 

in healthy volunteers. 

In addition to XRF, other techniques were used to assess iron levels in various organs. 

In their SQUID biosusceptometer study, Pakbaz et al. 
[29]

 measured liver iron 

concentrations in 160 thalassemia and sickle cell patients and compared them to 

healthy individuals. The iron concentration range was 1000 – 2100 ppm (wet weight) 

in the iron-load patients compared to 90 – 340 ppm for healthy individuals. Using 

neutron activation analysis (NAA) technique, Molin et al. 
[30]

 found the average iron 

concentration in normal human skin to be 28.8 ± 9.9 ppm. This study was performed 

on dry weight samples, however. In another NAA study, Parr et al. 
[31]

 collected 

autopsies from healthy individuals who died suddenly as the result of accidents. They 

found the average iron concentration in the liver (6 samples) to be 183 ± 86 ppm and a 

range of 42 – 252 ppm. 

In this study, iron concentrations in the skin, liver and heart samples of control mice 

(strain: triple transgenic for Alzheimer’s disease (3XTg-AD)) were examined. No 

previous literature work was found, measuring iron concentrations in these desired 

organs, for this particular mouse strain. Most researches performed on 3XTg-AD were 

Alzheimer’s disease related studies. Besides the XRF iron measurement in rats 

discussed above (Farquharson et al.
 [25]

), many other studies were done on other 
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rodents with different techniques. However, most of those studies used dry weight 

organs instead of the wet weight ones. The results from these two different 

measurements cannot be directly compared since dry weight measurements will give a 

much higher iron concentration compared to the wet weight (higher µg Fe per g of 

tissue). Few studies dealing with wet weight tissues were found. One of those studies 

was Milstone et al. 
[32]

, where they used the bathophenanthroline method described by 

Torrance and Bothwell 
[33]

, to measure non-heme iron in tissues.  They found 12 

control (non-transgenic) mice to have average iron concentrations of 376 ± 18.5 ppm, 

48.2 ± 0.5 ppm and 15.4 ± 1.7 ppm in liver, heart and ear epidermis samples, 

respectively. In another study, using the same method, Whittaker et al. 
[34]

 examined 

the iron concentrations in the livers and hearts of 11 control Sprague-Dawley rats. The 

outcome of their study was an average of 112 ± 5 ppm of iron in the liver and 34.4 ± 7 

ppm in the heart.   
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Chapter 2: Experimental Setup 

 

2.1. The XRF System 

The XRF system 
[11]

 used in this study has a molybdenum-target x-ray tube; model 

XTF5011, from Oxford instruments (Scotts Valley, CA). The tube’s maximum anode 

voltage is 50 kV and its maximum anode current is 1 mA. It has a Be window with 

thickness of 0.005”. The tube is encased in a brass shielding to prevent radiation from 

leaking anywhere but the beam port. 

The geometry that was chosen for this system was a 90° source-to-detector angle, with 

the sample being at 45° relative to both. The reason for this choice was due to the 

lower minimum detection limit (MDL) achieved when using a 90° geometry. In a 

previous study preformed on arsenic using this system showed that the MDL was 3.5 ± 

0.2 ppm with the 90° geometry, whereas, it was 10.3 ± 0.5 ppm for the 180° geometry. 

[11]
 

The system was built in a box of two chambers; one where the sample is placed with 

the beam source and detector, and the other being the control area where the x-ray tube 

is placed. The box is made of Lucite (also known as Plexiglass) with wall thickness of 

1.8 cm and dimensions of 70 cm x 50 cm x 27 cm. To ensure no radiation leakage, the 
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first chamber was shielded from the outside with 3 mm thick copper plates to the top 

and sides, 1.5 mm thick copper plates to the bottom, and extra 1.5 mm copper plates at 

the corners on the inside. In addition to that, and to ensure safety according to health 

physics regulations, a 12 mm thick copper shutter was installed at the opening of the x-

ray tube, as well as interlocks at the doors that open into the sample chamber, to 

eliminate accidental exposure while the system is in operation. 

A 313 mm aluminum tube was used to direct the beam towards the sample. A 20 mm 

thick aluminum collimator, with a 5 mm diameter hole, was used to control the size of 

the beam. A plastic ring was used to hold the tube and collimator together. Since the 

sample is held at 45° angle (relative to the x-ray tube) the beam hits the sample with an 

ellipse shape (rather than circular) with 5.3 mm vertical and 7.5 mm horizontal 

dimensions. The sample is positioned at a distance of 17 mm from the collimator and 

28 mm from the detector (figure 2.1). 
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Figure 2.1: a: Top and side views of the XRF system.
 [11]

 b: Picture of the top view of 

the system. The length of the x-ray tube plus the collimator is 337 mm 
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2.2. Detector and Signal Processing 

An ORTEC silicon lithium drifted (Si(Li)) detector (SLP-10180P) was used in this 

study. The detector crystal has an active diameter of 10 mm and sensitive thickness of 

5 mm. Its beryllium window has a thickness of 25 µm. The detector’s resolution at 5.9 

keV is 180 eV.  

For signal processing, DSPEC Plus
TM

 (Digital Spectrometer) with its associated 

software, Maestro
TM

 was used. The DSPEC Plus
TM

 allows the flexibility to choose the 

desired rise time, gain, and real or live times. Maestro
TM

 plots the outcome spectra as 

Counts vs. Channel# and allows choosing multiple regions of interest (ROI). It also 

provides important information for data analysis, such as the gross and net areas for 

the selected ROI, the resolution of peaks (full width half maximum), and the system’s 

dead time. 

2.3. Filtration 

A very important concept to consider when producing x-ray photons is a filter. The 

main purpose for using a filter is to eliminate unwanted photons as well as reducing 

dead time.
 [11]

 When the system was tested without a filter, it had a dead time of more 

than 80% compared to 14% when a 100 µm molybdenum (Mo) filter was used for the 

exact experimental setup. Also, the usage of a Mo filter resulted in the absorption of 

Bremsstrahlung radiation and sparing the scatter peaks of both the Kα and Kβ of the 

Mo XRF (figure 2.2). 



M.Sc. Thesis – I. Abu Atiya   McMaster – Medical Physics 

21 
 

 

Figure 2.2: The spectrum of Mo-target x-ray tube without a filter is compared to the 

spectrum of the same tube with a 100 µm Mo filter. Software called Report 78: 

Catalogue of Spectral Data of Diagnostic X Rays and other Data (IPEM. York, UK. 

1997) is used to generate these spectra 

 

Figure 2.2 shows a significantly elevated background for the region between 3 keV 

and 17 keV, when no filter is being used. This elevation will cause the disruption of 

the iron peaks at 6.40 keV (very low signal-to-noise ratio), thus the iron presence in a 

material will be impossible to measure. On the other hand, the usage of a 100 µm Mo 

filter has resulted in a flatter background for the same region after eliminating the 

Bremsstrahlung radiation. The measurement of iron peaks is now possible.  
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Chapter 3: Calibration Line 

 

3.1. Phantom Holders 

Since the focus of this study is to measure iron, an appropriate material to be used as 

phantom holder was investigated. Various materials were placed in front of the beam 

to be tested. Pieces of nylon, resin, a Petri dish, and plastic were measured, as well as 

the system background (no target materials present).  

 
Figure 3.1: Maestro spectra of various materials tested to be used as phantom holders. 

X-ray tube settings were 23.7 kV for the voltage and 0.3 mA for the current. Each 

sample was run for a live time of 1000 seconds. 
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From figure 3.1, it is clear that there is a small presence of iron (at Kα of 6.4 keV) in 

the system. It was also noticed that the tested materials have similar iron peak sizes, 

but slightly elevated background (especially nylon) compared to the system due to the 

scattering of photons off the testing blocks. All measurements also showed the 

presence of copper (at Kα of 8.03 keV) – because of the copper shielding of the system 

– as well as gold (at Lα of 9.7 keV) – which is present in the detector itself. Some 

materials have also shown the presence of other elements, such as cobalt (at Kα of 6.9 

keV (which is very close to the Kα of iron) and Kβ of 7.6 keV) in resin, zinc (at Kα of 

8.6 keV and Kβ of 9.6 keV) in Petri dish, titanium (at Kα of 4.5 keV and Kβ of 4.9 

keV) and small amount of zinc in plastic. Ideally, a phantom holder material should 

not contain any unnecessary elements to achieve a clean background and to avoid 

interference with the studied element of interest. This is also very important because 

with a clean background, it would be easy to identify the presence of any other 

elements in the studied tissues (i.e. skin, liver, and heart). 

Another material that was considered was high density polyethylene (HDPE). HDPE is 

the material that is being used by Dr. Farquharson`s lab group as a phantom holder and 

was proven to be appropriate for XRF research. Blocks of HDPE (5 cm x 5 cm x 1cm) 

were purchased from P&A Plastic Inc. (Hamilton, ON). 
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Figure 3.2: Maestro spectra of the system background (no materials used) and HDPE 

as a target. X-ray tube settings were 37.5 kV for the voltage and 0.6 mA for the 

current. Each sample was run for a live time of 1200 seconds.  

 

Figure 3.2 compares the spectrum of HDPE with the system background. The main 

focus here is what elements are present and how their peaks compare, rather than the 

shape of the background (the backgrounds will behave differently due to the different 

media of scattering radiation). Both spectra show the exact number of elements 

present, which means that HDPE does not contain any element that is not already 

present in the system. Both spectra contain iron (6.40 keV), copper (8.03 keV and 8.91 

keV) and gold (9.71 keV and 11.58 keV). Both iron peaks are similar in size, while the 

copper peak from the system is much larger. This is because the copper shielding is the 

main reflector of photons (compared to the HDPE block). As a result of figure 3.2, 

HDPE was chosen as an appropriate material to be used as a phantom holder. Figure 
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3.3 shows a typical spectrum produced when an HDPE block is placed at a 45° angle 

between the beam source and the detector.  

 

 
Figure 3.3: HDPE spectrum in Maestro. Logarithm scale was used for y-axis. 
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ideal. Both water and soft tissues have a density of 1000 kg/m
3
. The only issue with 

using water is leakage, since the phantoms have to be held vertically. 

  

Figure 3.4: a: A side view of the phantom holder, with a hole of 1.1 cm in diameter 

and 2 mm in depth. b: Top view of the phantom holder showing the two holes leading 

to the bigger, side hole. 

 

The solution was to design the phantom holders in a way that allowed water to be held 

vertically without leakage. A 1.1 cm diameter hole was drilled in the middle of the 

surface of the HDPE block (figure 3.4 a.). This hole was 2 mm in depth with a flat 

bottom. Silicon paste P4 (Wacker Chemie AG, Munich, Germany) was applied to the 

surface around the hole and a 4 µm thick 3525 ULTRALENE XRF film (SPEX 

SamplePrep LLC, Metuchen, NJ) was placed on top of that surface to tightly seal the 

hole. To fill the hole with the phantom solutions, two holes on top of the phantom 

holder were drilled (figure 3.4 b.). One hole was used to inject the solution using a 

needle and a syringe. The purpose of the other hole was to let air out while the solution 

was injected into phantom holder. 

a b 
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3.3. Iron solution 

After choosing water to be used as phantoms and machining the holder accordingly, 

preparing iron solutions with different concentrations was investigated. The iron 

solution (Ultra Scientific Analytical Solutions, USA) used was composed of water 

with diluted nitric acid (2% HNO3). Every 1 gram of solution had 1000 µg of iron, 

giving an iron concentration of 1000 parts per million (ppm). To produce different 

concentrations of iron phantoms, the iron solution had to be diluted with deionised 

water according to the desired ppm (table 3.1)  

ppm Iron solution [g] Added water [g] 

0 0 1 

10 0.01 0.99 

50 0.05 0.95 

75 0.075 0.925 

100 0.1 0.90 

500 0.5 0.5 

750 0.75 0.25 

1000 1 0 

 

Table 3.1: Examples of producing 1 gram of iron solutions with different 

concentrations 

 

3.4. Voltage & Current 

The next step was to confirm the behaviour of the signal intensity (energy flux density) 

as a function of the x-ray tube’s voltage and current. In theory, the intensity of x-ray 

radiation is directly proportional to the applied current and to the square of the voltage.
 

[35]
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Figure 3.5: a: shows signal intensity as a function of voltage, while b: shows the 

corresponding dead time. The current was kept constant at 0.6 mA. c: shows signal 

intensity as a function of current, while d: shows the corresponding dead time. The 

voltage was kept constant at 35 kV 

 

As seen in figure 3.5, both the current and voltage confirm the theoretical behaviour as 

stated above. The signal intensity has a second order polynomial relationship with the 

voltage and a linear relationship with the current. 
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Ideally, maximum voltage and current would be chosen to obtain maximum signal 

intensity; however, the trade-off would be a very high dead time. As a result, the 

voltage and current were chosen according to the desired dead time. At the beginning 

of this research, 37.5 kV voltage and 0.6 mA current were chosen to obtain ~ 20% 

dead time (later on ~ 10% was chosen). 

3.5. Iron Concentration Calibration Graph 

Water phantoms with various iron concentrations were prepared. Since the focus of 

this study is on lower concentrations, 0, 10, 20, 40, and 60 ppm were chosen. Each 

prepared sampled was measured with XRF three times for statistical reasons. Peak 

analysis was performed using PeakFit version 4 (Systat Software Inc.). All peak areas 

in this study were normalized to time (further discussion is shown in chapter 5) 

 

Figure 3.6: Calibration graph of normalized iron peak areas as a function of iron 

concentration. Each measurement was done for 1200 seconds live time. The voltage 

was 37.5 kV and the current was 0.6 mA. 
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Theoretically, iron signal intensity should be linearly proportional to the iron 

concentration. However, as seen in figure 3.6, this was not achieved. The R
2
 of the 

linear fitting was 0.529. This result indicated that something was not correct and 

further investigation was necessary. 

3.6. Testing the Effect of Rise Time 

One of the pulse characters that might be affecting the signal intensity is full width half 

maximum (FWHM). FWHM is the measurement of the pulse’s width at its half 

amplitude. FWHM is a direct indication of the pulse’s resolution; the narrower the 

FWHM the better the resolution. 

 

Figure 3.7: Full Width Half Maximum
 [36]

 

 

One of the parameters affecting FWHM is the pulse’s rise time. Rise time is generally 

defined as the time needed for a pulse to rise from 10% to 90% of its maximum 

amplitude.
 [10]

 The pulse processing instrument used (DSPEC Plus
TM

) allows for rise 
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time to be selected as desired. The optimum rise time is the lowest value that will 

result in the lowest FWHM (figure 3.7).
 [37]

 

The next experiment was performed to test the effect of rise time on the signal 

resolution. In this experiment, a block of steel was used to obtain high counts for good 

statistics in a short time. 

 

Figure 3.8: FWHM as a function of rise time. Two trials were conducted. Each 

measurement was done for 60 seconds live time. The voltage was 37.5 kV and the 

current was 0.6 mA. 

 

From figure 3.8, it can be seen that there is not a clear trend for the FWHM behaviour 

as a function of rise time. Also, for two identical trials, the data was not reproducible. 

While a third trial was being preformed, an electric saw was used in the same room 

where the experiment was taking place. A sudden signal broadening was observed as 

the saw was used. The effect of using power machines was investigated next. 
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3.7.  The Effect of Power Machine Usage on Signal Quality 

The Tandem Accelerator Building of McMaster University (where this study was 

done) has three accelerators, experimental instruments, and heavy machine shops that 

are being used intensively on a daily basis. The influence of these instruments has 

various effects on the quality of data collection of this study, depending on the 

instrument that is being used and how close it is to the XRF system. 

The experiment outline to measure the effect of power machines was as follows: a 

heavy-duty grinder (8000 rpm motor) was used to test its effect on the measured iron 

signals. The plan was to carry out five different measurements: one for a normal run 

(grinder was not used), one with the grinder in the same room as the XRF, one with the 

grinder in the room next to the XRF room, one with the grinder in the same room as 

the XRF but plugged in the other room (using an extension cord), and lastly with the 

grinder in the other room but plugged in the same room as the XRF (using an 

extension cord).  
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Figure 3.9: Maestro spectra of N: Normal run, GSWC: Grinder in Same room With 

extension Cord, GDWC: Grinder in Different room With extension Cord, GSNC: 

Grinder in Same room with No extension Cord, GDNC: Grinder in Different room 

with No extension Cord. A steel block was used as a target. X-ray tube settings were 

37.5 kV for voltage and 0.6 mA for current. Each measurement was done for a live 

time of 60 seconds. Whenever the grinder was to be used, it was run for the entire 60 

seconds of the experimental time. 

 

From Oxford English dictionary, the word “interference” in physics is defined as “the 
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unshielded electrical equipment”.
 [38]

 The unwanted signals in this case were the 

electromagnetic waves that were produced by the grinder. These waves would have 

various effects on collected data, ranging “from a simple degradation of data to a total 

loss of data”.
 [39]

 This is very evident as seen in figure 3.9. The grinder had the greatest 

effect on the signal when it was used in the same room as the XRF – whether it was 

plugged in the same room or in a different one. The influence was reduced when the 

grinder itself was used in a different room; however, the influence was still present. 

There are two options to overcome this problem. The first one is to build a shielding 

system around the XRF system (which would be expensive and time consuming), and 

the second option is to work after regular working hours (after 4pm). This option 

would ensure that most researchers have left the building, thus, minimizing the usage 

of instruments. Option two was chosen, and all measurements in this study, from this 

point, were done after 4 pm. 

3.8. Testing the Effect of Rise Time: Second Attempt 

The methodology used to re-measure the effect of rise time was carried out as it was 

outlined in section 3.6. 

As seen in figure 3.10: (a) there is a clear trend between FWHM and rise time. As the 

rise time increases, the FWHM decreases until it starts leveling off at about 10 µs. 

Figure 3.9: (b) shows a positive linear relationship between dead time and rise time. 

Since there is not much of a difference between the FWHM at 9 µs and that at 10 µs, 9 
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µs was chosen as the rise time to reduce the dead time even more. Dead time was kept 

at ~ 10 – 12% 

 

 

Figure 3.10: a: FWHM as a function of rise time. b: dead time as a function of rise 

time. Each measurement was done for 30 seconds live time. The voltage was 30 kV 

and the current was 0.5 mA. 
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3.9. Iron Concentration Calibration Graph: Second Attempt 

For the second attempt, it was decided to test water phantoms for a longer time period 

(3600 s live time) and higher iron concentrations. The following concentrations were 

prepared: 0, 25, 50, 100, 400, 683, and 1000 ppm. Each water phantom was measured 

twice. 

 

Figure 3.11: Calibration graph of normalized iron peak areas as a function of iron 

concentration. Error bars are very small to be seen. The voltage was 37.5 kV and the 

current was 0.6 mA. 
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3.10. Geometry Change 

It was decided to bring the detector closer to the x-ray tube, so the beam travels a 

shorter distance before hitting the target, thus a stronger flux by a factor of 1/r
2
 could 

be achieved. A 12.9 cm copper tube was used instead of the 31.3 cm aluminum tube. 

Another feature added to the system was a protection cap to ensure the detector’s 

fragile beryllium window did not get damaged. The top part of the cap was made of a 

square aluminum sheet with a 1.0 cm diameter hole at its centre (the same size as the 

crystal), as seen in figure 3.12. 

 

Figure 3.12: Picture of the XRF system after few changes. The length of the x-ray 

tube plus the collimator is 15.3 cm (compared to 33.7 cm previously). A protection cap 

was added to the detector. 
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3.11. Iron Concentration Calibration Line after Geometry Change 

Since this was considered to be the last calibration line to be done, the focus was on 

measuring lower concentrations: 0, 10, 20, 30, 40, 50, 75, 100, 125, and 150 ppm. 

Samples were measured for longer times compared to those previously.  0, 10, and 20 

ppm were measured for 10800 second live time; 30, 40, 50, and 75 ppm for 7200 

second; and 100, 125, and 150 ppm for 3600 second (since they have much larger 

signal intensities). 

 

Figure 3.13: Calibration graph of normalized iron peak areas as a function of iron 

concentration after system geometry change. The voltage was 30 kV and current was 

0.5 mA. 
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From figure 3.13, the equation of the best fit line from the calibration graph is: 

                                                        (3.1) 

When measuring the mice tissues, the “y” value will be obtained from these 

measurements and the “x” value (concentration) will need to be calculated. Eq 3.1 is 

rearranged: 

  
           

          
                (3.2) 

Another important concept to be discussed before carrying out the mice tissue 

experiment is the minimum detectible limit (MDL). MDL is calculated based on the 

calibration line found in figure 3.13:
 [40, 41]

 

                    (3.3) 

where 

     
   

     
 

 
 

  
  
 
 
 

 
  

         
 

  
   

      

     
  

    
 
   

 
       

m is the slope and σm is its error, b is the y-intercept and σb is its error, yexp is the value 

of the normalized area of the 0ppm phantom and σyexp is its error. σy is found as shown 

in eq. 3.5 and D in eq. 3.6: 
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               (3.6) 
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It was found that the MDL of this XRF system, with this particular geometry, for iron 

in water phantoms was 2.9 ppm. 

To test the reliability of the calibration line from figure 3.13, a standard was measured 

with a known iron concentration. Non defatted lobster hepatopancreas reference 

material for trace metals (LUST-1, National Research Council Canada) has an iron 

concentration of 11.6 ± 0.9 ppm as bottled and 77.8 ± 6.0 ppm dry weight. The 

measured sample from the standard in the XRF system gave an iron concentration of 

14.2 ± 2 ppm, which is in agreement with the standard (bottled) when taking 

uncertainties into consideration. The slight elevation of iron concentration in the 

measured sample (compared to the standard) is because the sample was measured for 

18000 second and thus there was a slight dehydration of the sample, and as a result, an 

increase of iron concentration. 
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Chapter 4: Iron levels in the Skin, Liver and Heart of 

Mice 

 

The Livers, skins and hearts of control mice were provided for this study. The mice 

strain was 3XTg-AD and their age ranged from 5 – 13 months. The liver was the left 

lobe of the organ, while the skin was shaved (to reduce the amount of hair) and cut 

from the belly area, whereas the heart was the whole organ.  

4.1. Sample Preparation 

Same phantom holders that were used for water phantoms were also used for this part 

of the experiment. Firstly, silicon paste was spread around the hole, and then the 

sample was carefully place inside that hole. A piece of XRF film was tightly pressed 

against the holder’s surface to ensure that the sample was secured in place with no 

fluid leakage (figure 4.1). Sample preparations were carried out inside a biosafety 

cabinet. 

 

Figure 4.1: Heart, skin and liver samples in sample holders 
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4.2. Sample Measurements 

In this experiment, each organ was measured in the same setting as the last calibration 

line. The voltage was set to be 30 kV, whereas the current was 0.5 mA. Each sample 

was measured for a different live time to ensure that at least 10,000 counts were 

obtained under each iron peak. Overall most liver samples were measured for 2 hours 

(7200 sec), 3 hours (10800 sec) for the heart, and 6 hours (21600 sec) for the skin. 

After obtaining the spectra, areas under the iron peaks were normalized to live time. 

Iron concentrations were calculated (eq. 3.2) and summarized in Table 4.1. 

Mouse # Liver Heart Skin Mouse # Liver Heart Skin 

1 113 ± 2 71 ± 2 26 ± 1 19 192 ± 3 51 ± 2 5 ± 1 

2 45 ± 2 40 ± 2 16 ± 1 20 144 ± 3 44 ± 2 8 ± 1 

3 150 ± 3 39 ± 2 6 ± 2 21 137 ± 3 48 ± 2 12 ± 1 

4 143 ± 3 55 ± 2 4 ± 1 22 152 ± 3 37 ± 2 9 ± 1 

5 100 ± 2 81 ± 2 38 ± 2 23 92 ± 2 49 ± 2 1 ± 1 

6 72 ± 2 34 ± 2 3 ± 1 24 100 ± 2 31 ± 2 5 ± 1 

7 115 ± 2 57 ± 2 13 ± 1 25 164 ± 3 83 ± 2 9 ± 2 

8 305 ± 5 89 ± 2 8 ± 1 26 188 ± 4 73 ± 2 25 ± 1 

9 37 ± 2 40 ± 2 3 ± 1 27 257 ± 4 61 ± 2 11 ± 1 

10 75 ± 2 35 ± 2 1 ± 1 28 86 ± 2 62 ± 2 11 ± 1 

11 76 ± 2 44 ± 2 5 ± 1 29 97 ± 2 46 ± 2 14 ± 1 

12 64 ± 2 35 ± 2 1 ± 1 30 101 ± 3 37 ± 2 7 ± 1 

13 94 ± 3 40 ± 2 3 ± 1 31 125 ± 3 37 ± 2 2 ± 2 

14 61 ± 2 35 ± 2 10 ± 1 32 158 ± 3 75 ± 2 36 ± 2 

15 52 ± 2 36 ± 2 6 ± 1 33 136 ± 3 33 ± 2 0 ± 2 

16 208 ± 4 79 ± 2 16 ± 2 34 129 ± 3 42 ± 2 2 ± 1 

17 96 ± 2 48 ± 2 4 ± 1 35 118 ± 2 58 ± 2 22 ± 1 

18 234 ± 4 59 ± 2 9 ± 1 36 87 ± 2 40 ± 2 8 ± 1 

 

Table 4.1: Calculated iron concentrations [ppm] in measured mice tissues 
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From table 4.1, 6 skin samples had iron concentrations lower than the MDL of 2.9 

ppm. The average of iron concentration in skin was 9.8 ± 1.6 ppm and the range was -2 

– 38 ppm. These results are in agreement with literature reports as stated in the 

introduction (these studies were conducted on humans rather than mice, however). The 

negative values are the result of the uncertainty in the background measurement. The 

liver had the greatest range, 37 – 305 ppm, and an average of 125 ± 10 ppm. The range 

value is wider than what was found in the Parr et al. 
[30]

 study (42 -252 ppm); however, 

taking uncertainties into consideration, the average concentration is in agreement with 

their value of 183 ± 86 ppm and also in agreement with the average from Wittaker et 

al. 
[34]

 (112 ± 5 ppm). The heart had a range from 31 – 89 ppm and an average of 50.7 

± 2.7 ppm, which are in agreement with the average of 48.2 ± 0.5 ppm from Milstone 

et al. 
[31]

 study. The reason behind these wide ranges is because the mice ages had a 

wide range as well (5 – 11 months). Adams et al. 
[42]

 stated that iron levels increase 

over time (age) in control animals. 
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Figure 4.2: a: iron concentration in the skin vs in the liver. b: iron concentration in the 

skin vs in the heart 
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Figure 4.2: (a) shows a very weak correlation between iron levels in the skin compared 

to levels in the liver. The R
2
 value was only 0.025. Testing the significance of this 

correlation, the p-value was found to be 0.36, which indicates that it is not significant. 

On the other hand, figure 4.2: (b) shows a much stronger correlation. The R
2
 value was 

0.427 and the p-value < 0.01. This indicates that the correlation between the iron levels 

in the skin and the heart is significant.  

When testing the normality of the skin, heart and liver, the p-values (Shapiro-Wilk 

test) were <0.01, <0.01, and 0.02 respectively. This shows that only liver data were 

significantly normal. The lack of normality indicates that Pearson’s correlation 

coefficient (figure 4.2) is not appropriate to be used in this case. Spearman’s rank 

correlation coefficient was calculated instead. For skin vs liver, the Rs
2
 value was 0.080 

and the p-value = 0.095. For skin vs heart, the Rs
2
 value was 0.382 and the p-value 

<0.01. The results from Spearman’s rank correlation coefficient are comparable to 

what was measured with the Pearson’s correlation.  In both methods, it was found that 

the correlation is significant between the iron levels in the skin and the heart but not 

between the skin and the liver.  

 The overall results discussed above do not agree with the strong correlation reported 

by Farquharson et al.
[25]

 As stated in the introduction, Farquharson and his team found 

the R
2
 values, from iron levels in skin vs. liver and skin vs. heart, to be 0.86 for both. 

However, looking closely at the plots provided by Farquharson et al.
 [25]

 (figure 4.3) 

the correlation between the iron in the skin and the other two organs at low 
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concentrations is not visible (however, it is clear at higher concentrations). 

Farquharson et al. used rats that were iron-loaded to closely resemble β-thalassemia 

patients. As stated earlier, the mice used in this study were control mice, with no iron 

overload. Also, it can be seen that all the values obtained from table 4.1 (whether it is 

iron levels in the skin (<40 ppm), the liver (<1000 ppm) or the heart (<100 ppm)) lie 

within the low concentration ranges of the Farquharson et al. study. 

 

Figure 4.3: Correlation between iron concentrations in the skin and in the a: liver and 

b: heart from Farquharson et al.
 [25]

 study. 

  

a 

b 
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Chapter 5: Iron in Human Skin 

 

Skin is a heterogeneous organ. It is “composed of liquids, connective tissues, muscle 

fibers and various glands”.
 [23]

 Thus, it is most likely that iron will have a non-

homogeneous distribution across the different layers of skin. 

It is worthwhile to investigate the distribution of iron levels in human skin. One of the 

techniques that could be used is by using synchrotron radiation. 

5.1. Collecting Human Skin Specimens 

The Hamilton Health Science Human Tissue Committee, a sub-committee of the 

HHS/FHS Research Ethic Board approved collection of skin specimens from deceased 

persons donated for scientific research. Samples were obtained from the Anatomy 

Department in Hamilton Health Science at McMaster University Medical Centre. 

8 mm biopsy punches (Miltex Inc., York, PA) were used to extract 10 different 

specimens from each cadaver from the following sites: chest, back, right palm, left 

palm, right upper arm (medial), left upper arm (medial), right thigh (medial), left thigh 

(medial), right foot and left foot. Specimens were kept frozen at -75°C until needed. 

The chest, back, and all samples from the left side of the body were preserved for the 

synchrotron study. 
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5.2. XRF Measurements 

The samples from the right side of the body were used to measure iron concentrations 

in the XRF system with the same procedure used for the mice samples (discussed in 

chapter 4). Sample preparation procedure was carried out the same as is outlined in 

section 4.1. All samples were measure for 21,600 seconds live time and at least 10,000 

counts was obtained for each measurement. 30 kV was used for tube voltage and 0.5 

mA for the current. Table 5.1 summarizes these measurements. 

 

Figure 5.1: Maestro spectrum of a human skin sample. X-ray tube settings were 30.0 

kV for the voltage and 0.5 mA for the current. This particular sample was measured 

for 122,000 sec live time (33.89 hrs) 

 

Figure 5.1 represents a typical human skin spectrum. As expected, Fe Kα is present as 

well as Cu Kα and Au Lα. Fe Kβ and Cu Kβ are present because this sample was 

measured for a very long time, otherwise, they would not be detectable (very low 

intensity) if it was measured for a shorter time. Despite the fact that the main 

contributor of Cu signals is the copper shielding of the system, it was reported that Cu 
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is present in the skin. Another element that is found in human skin with a sizeable peak 

is Zn Kα at 8.64 keV. For a 33.89 hrs measurement, Cr Kα (at 5.41 keV) and Ni Kα (at 

7.48 keV) peaks are considered too small for any further consideration. 

Body Part Body 1 Body 2 Body 3 Body 4 Body 5 Body 6 

Arm 59 ± 2 1 ± 1 0 ± 2 1 ± 1 3 ± 1 20 ± 2 

Foot 9 ± 1 0 ± 1 -3 ± 1 4 ± 1 5 ± 2 3 ± 1 

Palm 3 ± 1 0 ± 1 2 ± 1 1 ± 1 -2 ± 1 1 ± 1 

Thigh 3 ± 1 3 ± 2 0 ± 1 4 ± 1 -1 ± 1 5 ± 1 

 

Table 5.1: Iron concentrations [ppm] in skin from different body parts from 6 different 

cadavers  

 

From table 5.1, there was one sample (1-arm) which had an iron concentration that 

was a lot higher than the other measured samples. This is possibly due to 

contamination (most likely from air dust). Samples 3-foot, 5-palm and 5-thigh showed 

negative results. The negative values are the result of the uncertainty in the 

background measurement. The average iron concentration in all measured human skin 

samples was 5 ± 3 ppm (with a median of 3 ppm). 12 out of the 24 samples measured 

showed a concentration that is less than the MDL of 2.9 ppm. It seems that most skin 

samples measured in this study had iron concentrations at the lower values of the 

reported ranges. As stated in the introduction, few studies showed that the average 

iron concentration in the skin of normal individuals was 11 ppm. However, most of 

the previous studies were performed on living individuals, whereas this one used 

specimens collected from deceased bodies. Gorodetsky et al.
[23]

 stated that when 
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biopsies are extracted “they may manifest microchanges in a tiny area of the skin 

rather than the average concentration at the examined location”. 

5.3. The Problem with Normalizing Iron Peaks to Scatter Peaks 

Initially, scatter peaks were used for normalizing the measured iron peaks in water 

phantoms, mice and human samples. However, the majority of the calculated iron 

concentrations in human skins were negative, which indicated that these normalized 

iron peaks were not calculated correctly. Measured iron and scatter peaks were further 

investigated (figure 5.2) 
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Figure 5.2: spectra of a: iron peaks b: Compton and coherent scatter peaks of Mo Kα 

photons 

 

In figure 5.2, a human skin spectrum was plotted against the 0 ppm and the mice skin, 

liver and heart spectra to compare the positions of their iron and scatter peaks. Form 

both plots, iron and coherent peaks of all samples were lined at where they should be; 

6.4 keV and 17.48 keV respectively. However, for the human skin, the Compton peak 

was not lined with the Compton peaks of the other samples. This shift suggests a 

change in Compton scattering angle. According to eq. 1.2, any change of the angle θ 

will result in a different Compton distribution, thus producing Compton peaks with 

different areas. This is especially sensitive for a system with a 90° geometry (due to 

the cosine distributions). As a result, scatter peaks were not used for normalization and 

only scanning time was used for iron peak normalization.
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5.4. Sample Preparation for Synchrotron Study 

The samples that were preserved for synchrotron study were removed from the freezer 

and placed (each in its own beaker) in 10% buffered neutral formalin (VWR LLC., 

Edmonton, AB) for at least 24 hours at room temperature. After that, each sample was 

cut into two halves and placed back in the formalin solution for another 24 hrs (the 

purpose of formalin is to fix the samples to prevent them from decaying or 

degeneration and to eliminate any biological hazards when used at room temperature). 

On the next day, these samples were transferred to 70% ethanol solution and were sent 

to the histology lab in Michael G. DeGroote Centre for Learning and Discovery at 

McMaster University. The fixed samples were embedded in paraffin wax and sliced 

into 10 µm sections, which were then mounted on thin XRF film holders to be 

examined. This process was done in a way that ensured that all skin layers were sitting 

flat on the film. 

5.5. Trace-Elements Distribution in Skin Layers: Previous Studies 

The importance of various elements in the skin has encouraged scientists to develop 

techniques and instruments to be used in measuring the distribution of these elements 

across the different layers of skin. Measurement of iron in the skin has been 

investigated as early as the 1970s of the last century.
 [43]

 The most extensive work on 

trace element distribution across human skin layers was done by Bo Forslind et al.
[44-

48]
 Table 5.2 is taken from Forslind et al.

[47] 
study (a scanning nuclear microprobe 
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method was used) and it shows the Ca, Fe, and Zn distribution across the various 

layers of epidermis of normal skin. 

Element Basale Spinosum Corneum 

Ca 320.3 ± 150 231.7 ± 158.4 350.1 ± 199.4 

Fe 105.5  ± 84.93 36 ± 46.82 16.6 ± 26.27 

Zn 23.12  ± 46.76 46.67 ± 65.82 27.74 ± 46.77 

 

Table 5.2: Trace elemental distribution over skin cross section [ng/mg]  

 

Table 5.2 shows that the Ca level peaks in the corneum and basale strata. The Fe level 

peaks in the epidermis’s deepest layer (Basale) and decreases towards the skin surface. 

For Zn, the highest concentration is in the middle layer, the spinosum. However, 

taking uncertainties into consideration, Ca and Zn levels seem to be consistent in all 

three layers, whereas it is not the case with iron. 

In this synchrotron study, Ca and Zn will be closely examined, along with Fe, so it 

would be easier to identify the skin layers, as well as to confirm previous studies. Also, 

it should be noted that no medical information was provided regarding the cadavers 

used. Thus, they are assumed to be control samples. 

5.6. Synchrotron- Canadian Light Source (CLS) 

A synchrotron light source is a large particle accelerator that produces brilliant light 

that is used in physical, chemical, biological, and geological research. The basic 

outline of synchrotron function is as follow: an electron gun is used to supply electrons 

to a Linear Accelerator (LINAC), where radio frequency waves are used to accelerate 

these electrons to nearly the speed of light. The electrons are then injected into a huge 
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donut-shaped tube called the ‘storage ring’. A series of magnets are used to bend the 

trajectory of the electrons in a circular orbit. This process will naturally cause the 

electrons to emit a highly focused, brilliant light. This phenomenon is called 

‘synchrotron light’. Different spectra of this synchrotron light (IR, UV, and x-rays) 

will be piped to tangential straight tubes, which are called ‘beamlines’, where 

experimental work occurs.
 [49-51]

 

There is only one synchrotron facility in Canada (Canadian Light Source), which is 

located at the University of Saskatchewan in Saskatoon, SK. 

The beamline that was used for this study is called ‘VESPERS’ (Very powerful 

Elemental and Structural Probe Employing Radiation from a Synchrotron).
[52]

 This 

beamline was designed in a way to “deliver a micro-focused hard X-ray beam to solid 

materials in such a manner that a microscopic volume can be analysed by X-ray 

Diffraction (XRD) analysis and X-ray Fluorescence (XRF) spectrometry… it should 

also be possible to obtain X-ray Absorption Spectrometry (XAS)”.
[53] 

Only XRF was 

used in this study. 

A silicon drift detector (SDD) is used in this system, which has a 400 µm silicon 

wafer, an active area of 50 mm
2
 and a 12.5 µm Be window (SII NanoTechnology, 

California). An aluminum sample holder was placed at a 45° angle to the detector and 

180° to the beam source (beam size is 6x6 µm in diameters). The holder will position 

the samples at a 45° from the vertical plane and at a distance of 3 cm away from the 

detector (figure 5.3). 
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Figure 5.3: a: VESPERS beamline setup at CLS. b: Samples are positioned at a 45° to 

the vertical plane and 45° to the detector at a distance of 3 cm. 
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5.7. Trace-Elements Distribution in Skin Layers: CLS Experiment 

In this experiment, the x-ray beam was targeted towards cross sections of various 

prepared humans skin samples to obtain detailed maps of elemental levels as a 

function of depth. The beam moved at incremental steps of 10 µm in both the x and y 

directions (each measured pixel is 10x10 µm in dimension). For each pixel, a spectrum 

was collected showing the elements present in each sample. The number of pixels 

measured varied from sample to sample, depending on the region of interest 

determined by the researchers. In this research, a total of 18 scans were collected. 

Beam energies of 8 keV (4 samples), 12 keV (11 samples) and 13 keV (3 samples) 

were used. 

MATLAB’s Curve-Fitting Toolbox (cftool) was used to measure the peak areas of Fe, 

Ca and Zn and were normalized using the total areas of the scattering peaks (both 

Compton and coherent) in order to correct for beamline intensity drops over the 

duration of a single scan. The normalized peak areas were then used in Interactive 

Data Language 6.2 or “IDL 6.2” (Exelis VIS, Boulder, Colorado) for distribution 

mapping (figure 5.4). 
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Figure 5.4: Examples of H&E images of skin samples and the corresponding Fe, Zn and Ca maps in 

IDL. The darker the colour, the higher the concentration. For all shown images, scan time was 20 sec/ 

pixel. Beam energy was 12 keV for all but the palm (13 keV). a: 300x250 µm scan of a thigh sample, b: 

350x250 µm scan of an arm sample, c: 200x200 µm scan of another thigh sample from a different 

cadaver, d: 250x150 µm scan of a back sample, e: 600x150 µm scan of another back sample from a 

different cadaver and  f: 600x150 µm scan of a palm sample. 
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As seen in figure 5.4, it is very difficult to identify the location of each element in 

terms of epidermal sub-layers. This could be because the beam step size might have 

been larger than some of the sub-layers scanned. Also, it is most likely that some 

scanned pixels were in an overlapping region between these sub-layers, thus giving the 

average concentrations of the elements in that area. Nonetheless, patterns of elemental 

micro-distribution can be seen in maps from figure 5.4 and the distinction between the 

two bulk skin layers is easily identified.  

To gain a better understanding of Ca, Fe and Zn behaviour in skin, one-dimensional 

profiles, over the length of the entire raster scans, were obtained (Figures 5.5 – 5.7). 

From these figures, it appears that both Ca and Zn occupy similar ranges of 

distribution, covering most of the epidermal layer. On the other hand, it is very evident 

that iron is found at a deeper position within the epidermis with a narrower range 

compared to the other two elements. Another observation is that the intensity levels of 

all three elements seemed to drop off at the same location, the epidermal-dermal 

junction. As stated earlier, it is hard to distinguish between epidermal sub-layers, 

however, certain comparisons between these results and previous literatures could be 

drawn. Referring back to table 5.2, there is an agreement that Ca and Zn levels are 

consistent across all epidermal sub-layers and that iron’s highest level is found in the 

deeper sub-layer (possibly the stratum basale). 
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Body 1: Back     Body 3: Back 

                           

  

  

  

Figure 5.5: 1-D profiles over the length of the raster scan of back samples 
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Body 2: Thigh     Body 6: Thigh 

                                

  

  

  

Figure 5.6: 1-D profiles over the length of the raster scan of thigh samples 
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Body 3: Arm     Body 2: Palm 

                     

  

  

  

Figure 5.7: 1-D profiles over the length of the raster scans of an arm and a palm samples  
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Palms have a much thicker stratum corneum, thus it might be easier to identify the 

elemental presence in various epidermal sub-layers. However, one problem that arose 

with scanning thick skin in this study was the very lengthy time they required to obtain 

sufficiently deep scans, thus not many of them were done.  One example of a palm 

scan is represented in figure 5.4 f (and1-D profile in Figure 5.7). Ca and Zn were 

present in two different regions – closer to the surface and in a deeper layer, but were 

less in between. The first region (closer to the surface) is clearly the outermost part of 

the stratum corneum, whereas the next region (with much less elemental levels) 

represents the rest of the corneum. The reason behind this variation in the croneum is 

because as the cells move towards the surface, they get dehydrated and more compact, 

thus elemental levels get enhanced relative to the interior of that stratum. The third 

region (with high elemental levels) represents both the stratum spinosum and the 

stratum basale, and the fourth one represents the dermis. In the case of iron, it is only 

present in the third layer, but with a deeper (at epidermal-dermal boundary) and 

narrower range compare to the other two elements. This is in agreement with other 

scans. 

Using the start and end points of the calcium distribution in the 1-D depth profiles, the 

total epidermal thickness was estimated at 70-100 µm (excluding the palm), with an 

average of 94±5 µm, compared to ICRP 23 values ranging from 34-92 µm. A more 

accurate measure would have been possible if a sharper fall-off in the calcium 

distribution were to be noted. 

 



M.Sc. Thesis – I. Abu Atiya   McMaster – Medical Physics 

63 
 

Elemental contamination is not uncommon and is especially true for iron. As stated in 

the introduction, iron is a very abundant element and is found almost everywhere. 

Sources of iron contamination include air dust and the contact between a sample slide 

with any unsterile surface. Thus, extra precaution should be taken when preparing and 

handling slides. In this study, a few contaminants were detected in the form of hot 

spots. An example for this could be seen for iron in the arm sample (figure 5.4: b). In 

this map, it can be seen that as the iron distribution curves towards the right, following 

the skin shape, there is a straight line of higher iron levels heading downwards into the 

background. This line is contamination. In addition to this problem, many of the 

scanned samples showed no trend for elemental distribution at all, especially for iron 

and zinc. This could be seen for iron in the thigh sample in figure 5.4(c). A reason 

behind this is because there is a possibility of “postmortem changes in the distribution 

of trace elements in the tissue” of autopsy samples, as stated by Gorodetsky et al.
[23]

 

Due to these two limitations, only 14 samples out of 18 were considered for further 

analysis. Of the remaining four samples, either the raster scans were interrupted due to 

lack of a clear distribution in elemental levels across all the maps or the completed set 

of maps did not show such a distribution for two of the three elements investigated 

(iron and zinc). 

In order to establish whether the technique can clearly identify the presence of all three 

elements in the two layers of the skin – epidermis (layer 1) and dermis (layer 2) – 

regions of interest were defined for each map. Various statistical hypothesis tests were 
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preformed to identify if the elemental levels in the epidermis is statistically significant 

compared to the levels in dermis (table 5.3). 

Body Site Element % Difference p-value 

1 Back Ca 91.6 <0.01 

Fe 44.7 <0.01 

Zn 250.4 <0.01 

Thigh 

 

Ca 93.7 <0.01 

Fe 2.2 0.50 

Zn 268.6 <0.01 

2 Thigh Ca 249.1 <0.01 

Fe 51.9 <0.01 

Zn 166.0 <0.01 

3 Back Ca 86.7 <0.01 

Fe 44.2 <0.01 

Zn 83.8 <0.01 

Chest Ca 178.4 <0.01 

Fe 7.4 <0.01 

Zn 76.3 <0.01 

Arm Ca 109.1 <0.01 

Fe 13.1 <0.01 

Zn 33.0 <0.01 

4 Back Ca 117.0 <0.01 

Fe 97.9 <0.01 

Zn 141.1 <0.01 

Arm Ca 214.9 <0.01 

Fe 113.3 <0.01 

Zn 60.0 <0.01 

Thigh Ca 297.2 <0.01 

Fe 37.9 <0.01 

Zn 84.9 <0.01 

5 Back Ca 91.2 <0.01 

Fe 93.8 <0.01 

Chest Ca 129.0 <0.01 

Fe 25.6 <0.01 

Zn 75.6 <0.01 

6 Chest Ca 90.3 <0.01 

Fe 0.1 0.99 

Thigh Ca 73.2 <0.01 

Fe 37.2 <0.01 

Zn 142.1 <0.01 

 

Table 5.3: Elemental levels significance in the Epidermis compared to the dermis. 

Student’s t-test and Wilcoxon test were used to identify p-values. 5-back and 6-chest were 

scanned with a 13 keV energy beam, thus Zn was not detected. 
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Table 5.3 shows that most elements are significantly present in the epidermis layer 

compared to the dermis (p-value <0.01). Only iron in 1-thigh (p-value = 0.50) and in 

6-chest (p-value= 0.99) showed no significance. Here, pixel intensities were not 

sufficiently different, in either layer, to produce a visible difference in the map. Out of 

the three elements, Ca had the greatest % difference, between the two layers, with a 

range of 73.2% - 297.2% (mean of 140.1% and median of 109.1%), while Fe had the 

lowest % difference with a range of 7.4% - 113.3% (mean of 51.5% and median of 

44.2%). Zn had a range of 33.0% - 268.6% (mean of 125.6% and median of 84.9%). 

This indicates that Ca had the clearest level distinction between the two layers, which 

is very evident from the maps in figure 5.4. Over all, it can be said with confidence 

that it is possible to clearly distinguish epidermis from the dermis in these maps using 

the XRF technique. 

The next step was to examine if any trends exist among the measured samples. Before 

making any comparisons, the significance of the difference in elemental levels 

between the same body parts from different cadavers was tested (e.g. testing if the Ca, 

Fe and Zn levels in all back samples are similar or significantly different from each 

other). It was found that the elemental levels between different cadavers were 

significant; thus, elemental intensities cannot be compared among different bodies (no 

medical records were provided for the cadavers, thus they cannot be treated as 

controls). Table 5.4 presents some comparisons among different sites, and elements. 
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Body # Site Decreasing order of elemental intensity in epidermis 

1 Back Ca > Fe> Zn 

Thigh Zn> Ca* 

2 Thigh Ca > Fe> Zn 

3 Back Ca > Fe> Zn 

Chest Ca > Fe> Zn 

Arm Ca > Fe> Zn 

4 Back Ca > Fe> Zn 

Arm Ca > Fe> Zn 

Thigh Ca > Fe> Zn 

5 Back Fe> Ca** 

Chest Fe> Zn> Ca 

6 Thigh Fe> Zn> Ca 

 * Fe eliminated because no significant difference was noted between the two layers 

 ** was measured at 8 keV, so Zn was not detected. 

Table 5.4: Possible trends between sites and elements 

 

Table 5.4 shows that 8 out of 12 samples had the following elemental intensity trend: 

Ca > Fe> Zn (which was true for all samples from bodies 3 & 4 and all arm samples). 

2 out of 4 thigh samples had higher Zn intensity compared to Ca. Other than the 

sample measured at 8 keV, all back samples followed the Ca > Fe> Zn trend.  

All the data analysis shown above was obtained using 12 samples. The palm sample’s 

analysis was conducted separately because 4 different regions of interest were taken 

into consideration rather than just two simple layers, as was shown before. Table 5.5 

shows elemental levels significance among the different ROIs and their % difference. 
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Ca  ROI 2 ROI 3 ROI 4   ROI 2 ROI 3 ROI 4 

ROI 1 <0.01 0.276 <0.01 ROI 1 106.2% -6.6% 215.3% 

ROI 2 --- <0.01 <0.01 ROI 2 --- -54.7% 52.9% 

ROI 3 --- --- <0.01 ROI 3 --- --- 237.7% 

Fe  ROI 2 ROI 3 ROI 4  ROI 2 ROI 3 ROI 4 

ROI 1 0.246 <0.01 0.206 ROI 1 8.4% -25.5% -7.5% 

ROI 2 --- <0.01 <0.01 ROI 2 --- -31.2% -14.7% 

ROI 3 --- --- <0.01 ROI 3 --- --- 24.1% 

Zn  ROI 2 ROI 3 ROI 4  ROI 2 ROI 3 ROI 4 

ROI 1 <0.01 <0.01 <0.01 ROI 1 89.3% -37.8% 89.6% 

ROI 2 --- <0.01 1.000 ROI 2 --- -67.1% 0.2% 

ROI 3 --- --- <0.01 ROI 3 --- --- 204.8% 

 

Table 5.5: a: elemental levels significance among different ROIs and their b: % 

difference. ANOVA and Friedman tests were used to identify p-values 

 

From table 5.5 (a), it can be seen that in general ROI 3 (spinosum/basale) has 

significant levels of all elements compared to other ROIs. The only exception is 

calcium’s ROI 1 and ROI 3 because both regions have much higher peak intensities 

compared to the other 2 regions (at least 106% difference). For Zn, the highest % 

difference was between ROI 3 and ROI 4 (dermis) with a 204.8%. In the case of iron, 

the highest % difference was only 24.1% between ROI 3 and ROI 2. 

Regarding skin tissues from different body parts, overall, most samples from the back 

gave the clearest distributions (only two are shown here, figure 5.4 d & e). The reason 

behind this could possibly be because the back has, overall, the thickest skin (the feet 

and palms have the thickest stratum corneum). Thicker skin means thicker individual 

a b 
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layers, thus more measured pixels at each layer. Other good sites for scanning were the 

thighs and the arms. The palms and feet have very thick stratum corneum. There are 

two disadvantages for scanning theses samples. The first one is much deeper scans 

have to be conducted, thus a lot more time is needed to finish one scan. The other 

reason is (this is specifically for the purpose of this study) that iron is found in the 

deepest part of the epidermis (a lot further away from the skin surface), thus feet and 

palms would not be ideal for in-vivo XRF iron measurements. Over all, chest samples 

did not show clear elemental distributions (especially for iron). Lastly, there was no 

clear site with the highest iron concentration, thus it cannot be concluded which site 

would give the best iron peak intensities. 
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Chapter 6: Conclusion & Future Work 

In this thesis, a non-invasive method was investigated to determine an alternative 

solution to the invasive iron assessment in β-thalassemia patients. This method was in-

vivo XRF iron measurements in skin. A calibration line was obtained using water 

phantoms and iron concentrations in the skin, liver and heart tissues of control mice 

were quantified. The range of iron concentrations in the mice skin was found to be -2 –

38 ppm and an average of 9.8 ± 1.6 ppm, which is in agreement with previous studies. 

A significant correlation (R
2
 0.427) was found between iron levels in skin vs. heart. On 

the other hand, no significant correlation was found between the iron levels in skin vs. 

Liver (R
2
 0.025). Human skin biopsies from 6 cadavers were collected and measured. 

The median of the iron concentration was found to be only 3 ppm, which is less than 

the average of 11 ppm reported in previous studies performed in living individuals. 

Iron fluorescence’s mean free path in water and soft tissues is 0.46 mm. Since skin is 

not a homogeneous tissue, it was important to investigate the distribution of iron in the 

skin using a synchrotron light facility. It was found that the presence of Ca, Fe, and Zn 

is significant in the epidermis layer compared to the dermis. In this study, it was hard 

to clearly distinguish the elemental distribution within the sub-layers of the epidermis. 

However, it was possible to identify the presence of Ca and Zn in the entire epidermal 

layer, whereas Fe was only found in the deeper region of epidermis. It was also 



M.Sc. Thesis – I. Abu Atiya   McMaster – Medical Physics 

70 
 

concluded that skin samples from the backs, arms and thighs are the best sites to be 

chosen for future studies.  

For future work on XRF for β-thalassemia, measured tissues should be taken from 

iron-loaded mice rather than control mice. This would give a better understanding of 

the relationship of iron levels in the skin as a result of iron overload in β-thalassemic 

patients. 

Based on the results from the synchrotron work, iron concentration in the skin should 

not be assumed to be homogeneous and phantoms should be constructed according to 

the fact that iron is concentrated at various depths from the surface.  

Other XRF system could be built to obtain more accurate and precise measurements of 

trace-elements in general. A tri-axial XRF is one approach that is worth investigating. 

In this geometry, the x-ray tube, the secondary target and the sample are placed in a 

tri-axial geometry. “This allows a decrease in the background, using the advantages of 

the effect of polarization of the incident X-ray beam from the tube”.
 [54, 55]

 With the use 

of appropriate collimators, the scattered radiation will be reduced, which will improve 

the detection limit. Also, while developing an XRF system, using a W-target x-ray 

tube would be a better option (compared to Mo-target) for iron studies. Using copper 

as a secondary target would be ideal because photons emitted from the copper target 

are very close to the K-absorption edge of iron (7.11 keV), thus iron fluorescence 

would be more efficient. Another approach would be to use a portable XRF system. 

Portable XRF machines are a much better option to use when considering in-vivo XRF 
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measurements in humans. It is worth investigating the MDL and trying to improve on 

what already exists. 

Lastly, it was reported that when iron distribution was examined in patients with skin 

disorders, such as ulcers
 [27, 56]

 or the effect of ultra violet radiation
 [57]

, major iron 

deposition was found in the dermis layer rather than the epidermis. There are no 

studies addressing iron distribution across skin layers in β-thalassemic patients, which 

is worth investigating. 
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