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Introduction 

Until recently, clinical recognition was limited to very 
few of the elements, but the recent studies showed that 
all chemical elements could be involved in physiological 
processes in varying degrees. For example, the analysis 
of the light elements in body fluids displayed an impor-
tant tool for biomedical studies due to the fundamental 
importance of low-Z elements in a number of biomedi-
cal and physiological processes in humans (a number 
of enzymes, hormones, and cell-signalling molecules 
depend on low-Z elements for their activation) [5, 14]. 
On the other hand,  trace elements have been attracting 
a great deal of attention in the field of human health. 
Several trace elements were determined in body fluids 
and tissues for the diagnosis and monitoring of various 
disorders, nutritional deficiencies, and occupational 
or environmental exposure [11, 21, 24]. Moreover, 
any change in the environment as well as in the human 
body itself could change the trace metal composition of 
any organ or tissue and as a consequence, some diseases 
could be produced [23]. Therefore, it seems reasonable 
to assume that the trace and the other essential ele-
ments could influence mechanisms, having responsibil-
ity for the development of various cancerous diseases, 
e.g. cervical, uterine myoma, thyroid and leukemia [1, 
5, 6, 19]. In addition, many studies reported that various 
elements inter-dependently work through the mutual 
interactions in human body [3–6, 8, 19, 20, 22, 25]. Most 
of these studies were carried out to find the correlation 
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between the trace elements in the examined biomedical 
samples, while, only a limited number of the studies 
was devoted to elucidate the correlations of major-to-
-trace elements in human body [5, 8]. Therefore, further 
information about the distributions and correlation 
of major-to-trace elements in human body is highly 
required for elucidation of their biological roles and 
functions on the multielement basis. 

Human blood is one of the biological fluids, which is 
frequently used for medical diagnosis because it is easily 
collected from man [19]. For the purpose of multiele-
ment determination in  blood samples, different analyti-
cal methods were developed, e.g. ICP-AES (inductively 
coupled plasma atomic emission spectrometry) and 
ICP-MS (inductively coupled plasma mass spectrom-
etry) [8], PIXE (proton induced X-ray emission) [13], 
SRTXRF (total reflection X-ray fluorescence induced 
by synchrotron radiation) [5], and EDXRF (energy 
dispersive X-ray fluorescence) [9, 12]. 

Among the previously mentioned analytical tech-
niques, the EDXRF method was the most advantageous 
because it could make simple, fast, and simultaneous 
determination of many elements in a wide concentration 
range [2, 7]. In addition, EDXRF with a combination 
of different radionuclide sources showed a reliable 
determination of some elements such as Fe, Rb, Mo, 
In, Sn, I, Cl, K, and Ca in leukemia patients’ bloods [7]. 
Better detection limits were achieved by EDXRF with 
X-ray tubes as the excitation source, where detection 
limits of less than 1 μg/g were attainable for many ele-
ments using EDXRF with modern software to produce 
clean spectra, net peak intensities, and accurate correc-
tions for inter-element matrix effects and spectral tube 
impurities [16]. 

The present study was carried out to determine 
several elements with a wide range of concentrations, 
i.e. S, Cl, K, Ca, Fe, Cu, Zn, Br, and Rb, in blood of leu-
kemia patients and controls using EDXRF technique. 
The EDXRF data were statistically estimated using 
Student’s t-test and a multivariate method of principal 
component analysis. The mutual relationships, the pos-
sible linking between the studied elements, as well as 
the essential factors affecting the distribution patterns 
of the elements were studied. 

Experimental 

Study population 

A total of 80 leukemia patients, ages between 14 and 
93 years, were included in this study on voluntary basis. 
Average age of the patients was 44.2 years. Subjects 
were selected from the patients admitted in Al-Mowasat 
hospital in Damascus city, Syria. Prior to the sample col-
lection, the protocol of the study was approved by the 
Human Ethical Committee of the respective hospital. 
Diagnosis of leukemia was confirmed histologically. 
Thirty six healthy volunteers were participated in this 
study in order to determine the normal concentra-
tions of various elements in blood. All volunteers 
were healthy and not receiving any medication. Aver-
age age of the volunteers was 36.2 years. Four ml of 
blood samples were collected from the patients and 

the healthy volunteers each in suitable glass tubes. All 
samples were labelled with relevant codes related to 
the donor’s name, age, social and health status. All 
data were recorded and compiled on regular forms at 
the time of sampling. 

Sample preparation 

Each of blood sample was subjected to a freeze-drying 
during 36 h by a freeze-dry system (LABCONCO, Freez-
one 4.5) and weighed before and after the freeze-drying 
process. Masses of 0.200 g of the freeze-dried samples 
were pressed into the form of pellets with a diameter of 
2 cm using a hydraulic press machine (PW 40, WEBER 
Co, Germany) at 15 tons pressure. The pellet samples 
were kept in tightly closed Petri dishes for further XRF 
analysis. 

Materials 

The metal foils of Ti, V, Cr, Fe, Co, Ni, and Zn, with 
dimensions of 25 × 25 mm and 1 mm  thickness each 
from Alfa Aesar Co in addition to the pressed pellets 
of the single element of S (purity: 99%, Merck) and the 
stoichiometric compounds of KH2PO4 (purity: 99.5%, 
Merck), KCl (purity: 99.5%, Riedel-de Haen), CaCO3 
(purity: 99%, Riedel-de Haen), As2O3 (purity: 99.5%, 
Merck), RbCl (purity: 99%, AppliChem) and SrCO3 
(purity: 98.0%, Fluka) were used for the XRF calibra-
tion of Kα lines. The pellets were pressed with a 2 cm 
diameter and around 1.0 g/cm2 surface density each. 

Measurement conditions 

The XRF measurements were performed using an 
EDXRF instrument, which was equipped with a 2 kW Mo 
tube and a Si(Li) semiconductor detector with an energy 
resolution of 160 eV at 5.9 keV. The operating conditions 
differed, depending on the mode of X-ray excitations. 
However, these were: (35 mA and 40 kV), (10 mA and 
35 kV), and (20 mA and 35 kV) by using Ti-, Cu- and Mo-
-secondary targets, respectively; taking into the account, 
that the previously mentioned secondary targets were 
used for the determination of (S, Cl, K and Ca), (Fe), 
and (Cu, Zn, Br, and Rb), respectively. The live time was 
2000 s for each of the X-ray excitation modes. 

XRF analysis 

XRF spectra was evaluated using the AXIL-QXAS 
software package which was developed in the Interna-
tional Atomic Energy Agency (IAEA) [10]. This pro-
gram was designed for the qualitative and quantitative 
analysis of XRF spectra. AXIL program has the ability 
to determine the net peak area for each selected group 
of elements during the spectrum fitting. In the present 
work, the net peak areas of Kα lines of the elements in 
the standards were used in the calibration sensitivity of 
XRF technique. The sensitivities of the characteristic 
lines from the standards were then used to determine 
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the concentrations of elements in the unknown samples 
using QXAS (quantitative X-ray analysis system) pro-
gram. 

Sample mass for XRF analysis 

In order to make a definition of the thickness of the 
pressed pellets, the attenuation of the X-ray intensi-
ties by the blood samples was determined. For this 
purpose, a set of blood samples with masses of 0.1000 g, 
0.1515 g, 0.1876 g, 0.1950 g, and 0.2530 g were pressed 
into the form of pellets with diameters of 2 cm each. 
Then, each pellet in the set was covered by a pure Ti foil 
(purity 99.9%). The Ti foils were cut with a surface area 
suitable for the pressed pellets. The pellets with Ti foils 
were then exposed to the X-ray excitation of Mo-XRF 
mode for 100 s live time. The Ti foils without pellets 
were also exposed to XRF for the same time. Finally, 
the peak area of Ti (Kα) in the obtained spectra was 
evaluated by means of the AXIL program. 

Validity of XRF method 

The accuracy of XRF method was checked by the 
analysis of IAEA A-13 standard sample, while Brown 
Bread BCR no. 191 certified reference material was 
used for estimation of only Cl accuracy. To establish 
the reproducibility of the instrumental technique, five 
different standard samples with a mass of 0.200 g each 
were prepared in a similar way as for the unknown 
samples and analyzed with the previously mentioned 
operating conditions. 

Statistical analysis 

For statistical purposes, leukemia patients were divided 
into subgroups relevant to the type of the affected cells: 
(i) lymphocytic leukemia (LL), which affected lymphoid 
cells, n = 33; and (ii) myeloid leukemia (ML), which af-
fected myeloid cells, n = 47; or into subgroups relevant 
to the growth of leukemia: (iii) chronic leukemia (CL), 
which grows slowly, n = 45; and (iv) acute leukemia 

(AL), which grows quickly, n = 35. According to the 
previously mentioned definitions, LL subgroup was 
either: (v) chronic (CLL), n = 21; or: (vi) acute (ALL), 
n = 12. Similarly, ML was either: chronic (CML), n = 
24; or: acute (AML), n = 23. 

For further identification of possible sources and 
grouping of the studied elements in the whole blood, 
leukemia patients were divided into subgroups relevant 
to the age of volunteers. Number of the age-subgroups, 
which approved the suitability for such studies, were 
only 2 with ranges of 14–28 years (n = 23) and 29–93 
years (n = 57). 

Student’s t-test, Pearson correlations, and multi-
variate technique of principal component analysis were 
used to identify the significant differences between the 
studied subgroups, investigate the mutual relations 
between each pair of determined elements, and find 
sources and grouping of studied elements in the whole 
blood of the leukemia patients, respectively. Overall, 
the results obtained for leukemia groups were compared 
with those obtained for the controls. 

Results and discussion 

XRF analysis 

A typical XRF spectra from leukemia blood samples 
excited by means of Ti-, Cu-, and Mo-secondary targets 
are shown in Figs. 1a–1c. The EDXRF technique re-
vealed that elements such as S, Cl, K, Ca, Fe, Cu, Zn, Br, 
and Rb were presented in all analyzed blood samples. 

The elements found in spectra of the blood samples 
were determined by the elemental sensitivity (ES) 
method for XRF. For this purpose, standards of single 
elements and stoichiometric compounds in the form of 
foils and pellets were used for the determination of the 
sensitivities, which were calculated using the following 
equation [10]: 

       S = Ip ⋅ f / t ⋅ I ⋅ C 

where S is the sensitivity; Ip is the net peak area of a 
characteristic line; f is the absorption correction factor; 
t is the live time of the spectrum; I is the current of the 

Fig. 1. Typical spectra of a leukemia blood sample excited by X-ray Mo tube with (a): Ti-, (b): Cu-, and (c): Mo-secondary 
targets. The operating conditions are shown in Table 1. X-ray fluorescence Kα lines of the elements are shown. 
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X-ray tube; C is the concentration of the element pro-
ducing the characteristic line in the standard. 

The calibration curves of the obtained sensitivities 
against the atomic number of the studied elements 
were constructed (Fig. 2). The results showed that the 
excitation of Kα lines of the light elements, e.g. S, Cl, K, 
and Ca, by Ti-secondary target led to sensitivity values 
higher than those obtained using Cu- and Mo-secondary 
targets. While the higher sensitivity values of Fe were 
obtained by X-ray excitation using Cu-secondary target. 
The results showed also the priority of Mo-secondary 
target mode to excite Cu, Zn, Br, and Rb. 

Sample mass for XRF 

The concentrations of the elements in the unknown 
blood samples were estimated using the elemental sen-
sitivity (ES) approach for XRF analysis [10]. For this 
purpose, information about the blood-sample masses or 
the density of the pressed pellets (g/cm2) was required. In 
principle, a sample is considered thin if the inter-element 
effects are negligible, causing no significant errors in 
the quantization; while, it is considered infinitely thick 
if it attenuates more than 99% of the intensities of the 
excitation. A sample with a thickness between the pre-
viously mentioned two definitions is considered as an 
intermediately thick sample [10]. In order to establish 
a definition of the thickness of the pressed pellets, the 
attenuation of the X-ray intensities of Mo-secondary 
target mode caused by a set of blood samples was 
determined. The experimental results showed that the 
pellets with the surface area < 0.081 g/cm2 were able to 
attenuate < 99% of the X-ray intensities. Accordingly, 
the masses chosen (around 0.0637 g/cm2) for the analy-
sis of all blood samples satisfied the criteria of samples 
having intermediate thickness. 

‘Dark matrix’ estimation 

In order to accurately determine the elements in the 
blood pellets using the ES-XRF method, a suitable com-
position of non-detectable light elements (‘dark matrix’) 
was to be given. This information was required for the 
absorption correction calculations. In the instance of 
Ti- and Cu-secondary targets, the chosen ‘dark matrix’ 
was consisted of oxygen (O), while carbon (C) was 
entered as an element by difference. In the instance 

of Mo-secondary target, the chosen ‘dark matrix’ was 
consisted of silicon (Si) and oxygen (O), while, hydro-
gen (H) remained as the element by difference. It is 
important to clarify that the element by difference was 
selected so that the absorption of the ‘dark matrix’ 
was represented adequately. The reality of the chosen 
‘dark matrix’ for each applied XRF mode was studied by 
the analysis of IAEA A-13 animal blood (Brown Bread 
BCR no. 191 standard reference for Cl determination) 
standard sample using QXAS program for XRF. To 
achieve the optimal data of XRF analysis, the con-
centrations of elements were verified by changing the 
percentage of oxygen entered and the hydrogen as the 
element by difference; a constant percentage of Si was 
entered only to the ‘dark matrix’ of spectra obtained by 
Mo-XRF mode. Comparison between the concentra-
tions obtained by changing the percentage of entered 
‘dark matrix’ was carried out by averaging the squares 
of the accuracy values for the elements determined 
and calculating the square root (root mean squares = 
rms) to obtain pooled of accuracy (A%), taking into the 
account that the accuracy was estimated as the relative 
difference between the obtained concentrations and 
the certified values. Data of the verified concentrations, 
the accuracies, the ‘dark matrices’ and their mean Z, 
and the rms values for each secondary target mode are 
presented in Table 1. The results showed that by the 
analysis using Ti-secondary target, the rms values of S, 
K, and Ca were minimized to 1.59% (2.57% for Cl) vs. 
a ‘dark matrix’ with a mean Z of 5.93 (6.94 for Cl). By 
the analysis of Fe using Cu-secondary target, the rms 
values were minimized to 4.40% vs. a mean Z of 5.96. 
While, by applying Mo-secondary target for the analysis 
of Cu, Zn, Br, and Rb, the rms values were minimized 
to 5.51% vs. a mean Z of 6.63. 

Validity of ES-XRF method 

The suitability of ES-XRF method for the determina-
tion of the elements in the blood samples was checked 
as follows: 
1. By estimation of the accuracy and precision. The 

accuracy of the optimized ES method for XRF 
analysis was estimated by the analysis of five differ-
ent subsamples (n = 5) of the IAEA A-13 animal 
blood and Brown Bread BCR no. 191 standard. 
The results in Table 2 showed that the elemental 
concentrations were in good agreement with the 
certified values with errors less than 8.6%. The preci-
sion of the ES-XRF method was evaluated in terms 
of the relative standard deviation (RSD = SD/Ci) 
× 100, where SD is the standard deviation and Ci 
is the mean of i element concentrations. The results 
showed that the precision was better than ± 9.9% 
for all determined elements. 

2. By determination of the lower limits of detection 
(LLD) of the elements in the A-13 standard refer-
ence sample, using the following equation [12]: 

where mmin is the minimum detectable mass or concen-
tration, S is the sensitivity (net peak counts per second 

min
3 bI

m
S t

= ⋅

Fig. 2. Calibration sensitivity curves obtained by X-ray ex-
citation of elements using different secondary targets. The 
operating conditions are shown in Table 1. 
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per mass or concentration); Ib is the intensity of the 
background of the respective peak (counts per second); 
and t is the counting time (s). 

The results in Table 2 showed that S, Cl, K, Ca, Fe, Cu, 
Zn, Br, and Rb were with concentrations much higher 
than the obtained LLD values, reflecting again the suit-
ability of XRF technique to analyze the blood samples. 

Distribution of elements 

The XRF analysis showed the possibility to determine 
nine elements in the whole blood of healthy volun-
teers and leukemia patients. Of these, S, Cl, and K 
were classified as major elements, Fe as a minor ele-
ment, while Ca, Cu, Zn, Br, and Rb as trace elements. 
Table 3 displays concentrations of the determined ele-
ments in the whole blood of the leukemia patients and 
the control groups, in addition to concentrations of the 
reference values. The highest concentration was ob-
served for Cl (2380 μg/ml), followed by S (1387 μg/ml), K 
(1372 μg/ml), Fe (356 μg/ml), Ca (68.7 μg/ml), Zn 
(4.32 μg/ml), Br (1.61 μg/ml), Cu (0.909 μg/ml), and 
Rb (0.737 μg/ml) in leukemia patients. In compari-
son, the dominant element in the whole blood of the 

control group was also Cl (3454 μg/ml), followed by K 
(2227 μg/ml), S (1894 μg/ml), Fe (515 μg/ml), Ca 
(75.6 μg/ml), Zn (5.49 μg/ml), Br (2.17 μg/ml), Rb 
(1.13 μg/ml) and Cu (0.955 μg/ml). Overall, the results 
showed that, the levels of S, Ca, Fe, Cu, Zn, and Rb in 
the control group were comparable to those obtained 
for the reference values, while the concentrations of K, 
Cl, and Br were slightly higher than the reference values. 
The most probable reason for this behaviour was related 
to the regional factors, where the elemental levels could 
be influenced by feeding habits, chemical characteristics 
of the soils, etc., and therefore, could vary widely from 
place to place [15]. The results showed the following 
decreasing concentration order of determined elements 
in leukemia patients: Cl > S > K > Fe > Ca > Zn > 
Br > Cu > Rb, while the following was for the control 
group: Cl > K > S > Fe > Ca > Zn > Br > Rb > Cu. 
Thus, the results confirmed a similar decreasing order 
obtained for the determined elements in both groups 
(patients and control), except for K and Rb. On the other 
hand, the results in Table 3 showed a significant decrease 
in concentration for all studied elements in leukemia 
patients in comparison to those concentrations obtained 
for the controls; taking into account that the data were 
estimated at 99% level for all elements, except Ca and 

Table 3. Comparative results between whole blood of control group and leukemia patient group 

Element
Reference 

values 
(μg/ml)

Control group mean 
value (μg/ml), 

n = 36

Leukemia 
patient group 

(μg/ml), n = 80

Student’s 
t-test Differencea

S (1 680–1 930)b 1 894 ± 156   1 387 ± 64 –20.86 Significant
Cl 3 020c 3 454 ± 274   2 380 ± 116 –23.85 Significant
K (1 450–1 920)b 2 227 ± 209   1 372 ± 97 –22.75 Significant
Ca (57.5–78.0)b      75.6 ± 4.6        68.7 ± 2.0   –6.73 Significant
Fe   (482.1 ± 12.0)d    515 ± 35      356 ± 30 –13.66 Significant
Cu       (1.00 ± 0.05)d        0.955 ± 0.057          0.909 ± 0.044   –2.06 Significant
Zn       (6.20 ± 0.17) d        5.49 ± 0.51          4.32 ± 0.38   –7.87 Significant
Br       (1.70 ± 0.20)b        2.17 ± 0.21          1.61 ± 0.14 –10.22 Significant
Rb       (1.17–5.98)b        1.13 ± 0.10          0.737 ± 0.066 –15.45 Significant
   a Analysis of variance at the 99% confidence level for all elements, except Ca and Cu which were estimated at 95%. 
   b, c, d corresponding to Refs. [17], [26], and [18], respectively. 

Table 2. Analysis of IAEA standard reference material animal blood A-13 by XRF techniquea 

Element

Certified values
Obtained 

concentration, 
n = 5 (μg/g)

LLDc 
(μg/g)

Ad 
(%)

RSDe 
(%)Confidence 

interval (μg/g)
Concentration 

(μg/g)

S 6 000–7 000   6 500    6 127 ± 601 105 –5.7 ±9.8
Clb NA 16 500 16 076 ± 536     67.8 –2.6 ±3.3
K 2 100–2 700   2 500   2 289 ± 215         8.11 –8.4 ±9.4
Ca  226–332      286    296 ± 24         1.02   3.5 ±8.1
Fe 2 200–2 500   2 400   2 510 ± 157         1.50   4.6 ±6.3
Cu       3.7–4.8             4.3                4.15 ± 0.34           0.851 –3.5 ±8.2
Zn 12–14        13          11.9 ± 1.1           0.660 –8.5 ±9.2
Br 19–24        22          20.7 ± 2.0           0.333 –5.9 ±9.7
Rb       1.7–3.1            2.3                2.26 ± 0.19           0.320 –1.7 ±8.4
   a XRF measurements of S, Cl, K, and Ca; Fe; Cu, Zn, Br, and Rb were carried out by the following operating conditions: Ti-secondary 
target with 35 mA and 40 kV; Cu-secondary target with 10 mA and 35 kV; Mo-secondary target with 20 mA and 35 kV, respectively.   
Mass of standard sample was 0.200 g. Collection time was 2000 s. 
   b Data obtained were for Brown Bread BCR no. 191 certified reference material. 
   NA: not available. 
   c is the lower limits of detection. 
   d is the accuracy, which is estimated by the difference between the obtained and the certified values. 
   e is the precision, which is estimated by a relative standard deviation. 
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Cu at 95% level. Evaluation of the decreasing ratios was 
also estimated by dividing the concentrations of the ele-
ments in leukemia patients by those obtained for control 
group. However, the results of the comparative means 
of ratios of the determined elements in the whole blood 
of leukemia patients and control groups (Fig. 3) showed 
the following decreasing order: Cu (0.952) > Ca (0.910) 
> Zn (0.786) > Br (0.743) > S (0.732) > Fe (0.690) > Cl 
(0.689) > Rb (0.649) > K (0.616). This reveals the lowest 
and the highest affected elements in the whole blood of 
leukemia patients were Cu and K, respectively. 

Presence of significant differences in the concentra-
tions of the studied elements in leukemia subgroups 
was also estimated using the Student t-test. The re-
sults showed that the concentrations of Fe, Br, and 
Rb in the lymphocytic leukemia, (i)-subgroup, were 
significantly higher than the concentrations of the 
same elements in the myeloid leukemia (ii)-subgroup. 
Student’s t-test values estimated at a 95% level for the 
previously mentioned elements were: 2.079, 2.266 and 
2.677, respectively. On the other hand, the concentra-
tions of Cl, K, Cu, and Zn in the acute leukemia patients 
(iv)-subgroup, were significantly lower at a 95% 
level than the concentrations of the same elements 
in the chronic leukemia patients (iii)-subgroup, with 
the Student’s t-test values: –4.26, –2.36, –2.56, and –4.07, 
respectively. It is also important to mention hereby 
that no significant differences were found between 
the concentrations of the studied elements in the fol-
lowing subgroups: ALL/AML, ALL/CLL, ALL/CML, 
AML/CLL, AML/CML, and CLL/CML. 

To study the effect of age factor on the distribution 
of the elements in blood samples, two ranges of age 
were selected from 28 to 35 years (n = 19) and from 
36 to 50 years (n = 17) for the controls, while the other 
two ranges: from 14 to 28 years (G1, n = 23) and from 

29 years to 93 years (G2, n = 57) were selected for the 
leukemia patients. The results showed no significant 
differences between the concentrations of the elements 
in the two age-groups of the controls, indicating the 
homogeneous distribution of the elements regardless of 
the age of the participants. Figure 4 demonstrated two 
cases based on the comparative results of concentrations 
of the elements in the leukemia age-subgroups (G1 and 
G2) and the control group. In the first case, when G1 
was compared with the control group, a significant de-
crease for all element concentrations, except for Ca, was 
observed, while, in the second case, when G2 was com-
pared with the control group, a significant decrease was 
observed for all element concentrations, except for Cu. It 
should be added that all significant differences were 
estimated at a 95% level. 

Correlation study 

The data on metal-to-metal correlations in the controls 
and the leukemia patients groups are given in Tables 
4 and 5, respectively. The results showed very strong 
positive correlations in the control group: S-K (r = 
0.93), S-Ca (r = 0.91), S-Cl (r = 0.90), Cl-K (r = 0.89), 
Cl-Ca (r = 0.89), Fe-Zn (r = 0.74), Zn-Rb (r = 0.70). 
Another notably strong correlations were observed for 
Fe-Rb, K-Fe, and Zn-Br. In addition, some significant 
correlations were also noted between Cu-Zn, S-Fe, 
Br-Rb, Fe-Br, and K-Rb. The previously mentioned re-
sults revealed that the studied elements had mutual cor-
relations with each others, indicating the importance of 
presence of these elements in the human whole blood. 

Fig. 3. Comparative mean of ratios of the element levels in 
whole blood of leukemia patients and controls. Fig. 4. Significant differences between concentrations of the 

elements in whole blood of control group (Gcontrol) and leuke-
mia age-groups (G1: 14–28 years, n = 17; G2: 29–93 years, n = 
57). Student’s t-test was estimated at 95% confidence level. 

Table 4. Pearson correlation coefficient matrix of several elements in whole blood of control group, n = 36 

Element S Cl K Ca Fe Cu Zn Br Rb

S 1.00
Cl 0.90 1.00
K 0.93 0.89 1.00
Ca 0.91 0.89 0.89 1.00
Fe 0.46 0.29 0.53 0.50 1.00
Cu 0.04 0.12 0.05 0.13 0.27 1.00
Zn 0.22 0.18 0.29 0.30 0.74 0.49 1.00
Br 0.09 0.11 0.12 0.20 0.42 0.17 0.50 1.00
Rb 0.25 0.22 0.37 0.29 0.69 0.27 0.70 0.45 1.00
   Bold values are significant at p < 0.05. 
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Very strong positive correlations were also found in the 
leukemia group: S-Ca (r = 0.90), K-Fe (r = 0.83), K-Ca 
(r = 0.76), Fe-Zn (r = 0.75), K-Zn (r = 0.74). Another 
notably strong correlations were observed for K-Rb 
(r = 0.69), Fe-Rb (r = 0.69), Zn-Rb (r = 0.66), S-Cl 
(r = 0.65), S-K (r = 0.65), Ca-Fe (r = 0.57), Cl-Ca 
(r = 0.51), and Ca-Rb (r = 0.50). In addition, some 
significant correlations were also noted between Ca-Zn, 
S-Fe, S-Rb, S-Zn, and Cl-K. The obtained correlation 
study revealed some common origins of the studied 
elements in the whole blood of leukemia patients. It 
could also be concluded that important relations were 
found for S, Cl, K, Ca, Fe, Zn, and Rb while, such rela-
tions were not found for Cu and Br in the whole blood 
of leukemia patients. 

Furthermore, the inter-relationship between pairs 
of the studied elements in the whole blood of control 
and leukemia patients groups revealed a marked dif-
ference in metal-to-metal correlations (Tables 4 and 
5). However, the values of the correlation coefficients 
obtained for each pair of the major elements (S-Cl, S-K, 
and Cl-K) in the control group were extremely de-
creased in comparison with the values obtained for 
the same pairs of the elements in the leukemia patient 
group. The range and the mean concentrations of the 
previously mentioned elements were lower in the leuke-
mia patients than in the healthy volunteers. Most likely 
due to some metabolic process whereby these elements 
are depleted and replaced by other elements in the 
whole blood of leukemia patient group as compared 
with the control group. It could be concluded hereby 

that S, Cl, and K are less bioavailable in leukemia 
patients, which may lead to a number of physiological 
disorders. Other significant differences were observed 
in the cases of K, Ca, and S, which showed significant 
correlations with the trace levels of Zn and Rb in the 
leukemia patients; but similar correlations were not 
investigated in the control group. Likewise, S, Ca, Zn, 
and Rb exhibited almost comparable correlations with 
Fe in both groups. Similar comparable relations were 
found for Ca with S and K each, and for Zn with Rb. 

Principal component analysis 

In the present study, multivariate technique of principal 
component analysis (PCA) [19] was employed to iden-
tify possible sources and grouping of studied elements 
in the whole blood of the leukemia patients and compare 
these results with those obtained for the controls. Three 
important factors: type, growth, and age of leukemia 
patients, which were expected to affect the source iden-
tification and grouping of elements, were studied. 

Regarding to the type factor, the whole blood 
samples of patients were divided into two subgroups: 
lymphatic (LL) and myeloid (ML) leukemia. On the 
other hand, the same samples were divided into other 
two subgroups regarding to the growth of the leukemia 
disease: chronic (CL) and acute (AL) leukemia. Accord-
ingly, PCA was employed for the previously mentioned 
leukemia subgroups and the results were compared to 
those obtained for the control group. The principal 

Table 6. Principal component loadingsa of several elements in whole blood of Gcontrol
 b, LLc and MLd groups 

PC1 PC2 PC3

Gcontrol LL ML Gcontrol LL ML Gcontrol LL ML

S     0.97     0.26     0.48     0.17     0.89    0.83 –    0.03  –0.03
Cl     0.93   –0.14   –0.04   –0.03     0.88    0.90 –  –0.00    0.02
K     0.94     0.72     0.89     0.64     0.57    0.35 –  –0.08  –0.06
Ca     0.92     0.37     0.66     0.28     0.83    0.68 –  –0.01    0.00
Fe     0.35     0.85     0.95     0.79     0.14    0.09 –  –0.16  –0.03
Cu     0.02     0.14   –0.13   –0.01     0.16    0.34 –    0.80    0.80
Zn     0.11     0.90     0.87     0.93     0.00    0.08 –    0.06    0.09
Br     0.05     0.15     0.08     0.59     0.14   –0.32 –  –0.69    0.82
Rb     0.18     0.80     0.89     0.60     0.15     0.03 –     0.08   –0.09
Eigen values     4.38     3.93     4.57     1.89     1.70     1.66 –     1.15     1.33
Total ariance (%) 48.7 43.7 50.8 21.0 18.8 18.4 – 12.8 14.7
Cumulative variance (%) 48.7 43.7 50.8 71.6 62.5 69.2 – 75.3 83.9
   a Higher loadings are shown in bold. 
   b, c, d are the control (n = 36), the lymphocytic leukemia (n = 33), and the myeloid leukemia (n = 47), respectively. 

Table 5. Pearson correlation coefficient matrix of several elements in whole blood of leukemia patients, n = 80 

Element S Cl K Ca Fe Cu Zn Br Rb

S   1.00
Cl   0.65   1.00
K   0.65   0.26 1.00
Ca   0.90   0.51 0.76   1.00
Fe   0.42 –0.01 0.83   0.57   1.00
Cu   0.14   0.19 0.02   0.10 –0.06 1.00
Zn   0.33   0.04 0.74   0.48   0.75 0.07 1.00
Br –0.13 –0.05 0.01 –0.05   0.11 0.14 0.08 1.00
Rb   0.39 –0.06 0.69   0.50   0.69 0.02 0.66 0.10 1.00
   Bold values are significant at p < 0.05. 
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component (PC) loadings, extracted by using varimax 
normalized rotation on the metal data-set, are shown 
in Tables 6 and 7 for (LL and ML) and (CL and AL) 
leukemia subgroups, respectively. In addition, PC load-
ings for the control group were added in the previously 
mentioned two tables. The results showed that two PCs 
were extracted with eigen values > 1 for the control 
group, commutatively explaining more than 69%; while, 
three PCs were extracted with eigen values > 1 for LL, 
ML, CL, and AL leukemia subgroups; commutatively 
explaining more than 75%, 83%, 81%, and 78% of 
total variance for the previously mentioned subgroups, 
respectively. In the case of control group, PC1 showed 
higher loadings for the light elements: S, Cl, K, and Ca; 
while, for all studied leukemia subgroups, PC1 showed 
higher loadings for K, Fe, Zn, and Rb. An important dif-
ference emerging here was that K as a major element in 
all leukemia subgroups shared PC1 with the minor and 
trace elements (Fe, Zn and Rb). Such association was 
absent in the control group. PC2 showed higher loadings 
for S, Cl, and Ca in most leukemia subgroups, while for 
control group, Fe and Zn contributed maximum load-
ings to PC2. The maximum loadings of Cu and Br (or 
only Cu) were shown in PC3 for all leukemia subgroups, 
while these findings were absent in the control group. 

It could be concluded that the PCA demonstrated sig-
nificantly different grouping of elements in leukemia 
patients and controls. However, in the leukemia patients 
groups, the role of the light elements (S, Cl, and K, and 
Ca) was changed by existing a new mutual dependence 
between K and other minor and trace elements, such 
Fe, Zn, and Rb. In addition, the trace elements of Cu 
and Br in leukemia patients have different sources as 
compared with the healthy volunteers. 

Regarding to the age factor, PCA was also em-
ployed to identify possible sources and grouping of 
studied elements in the whole blood of the leukemia 
age-groups. The PC loadings are shown in Table 8 for 
control and G1 and G2 leukemia age-groups. Three 
PCs were extracted with eigen values > 1 for G1 and 
G2 leukemia age-subgroups; commutatively explaining 
more than 82% and 75% of total variance, respectively. 
In the case of the control group and the G1 leukemia 
age-group, PC1 showed maximum loadings for S, Cl, 
K, and Ca; while, for the G2 leukemia age-subgroup, 
PC1 showed maximum loadings for K, Fe, Zn, and Rb. 
An important difference emerging here was that K as an 
essential metal in leukemia G2 age-subgroup shared a 
common PC with the minor and the trace elements (Fe, 
Zn and Rb). Such association was absent in the control 

Table 7. Principal component loadingsa of several elements in whole blood of Gcontrol
 b, CLc and ALd groups 

PC1 PC2 PC3

Gcontrol CL AL Gcontrol CL AL Gcontrol CL AL

S     0.97     0.37     0.39     0.17     0.89     0.88 –   –0.01    0.06
Cl     0.93   –0.07   –0.27   –0.03     0.88     0.84 –     0.00  –0.23
K     0.94     0.86     0.82     0.64     0.41     0.43 –   –0.04    0.09
Ca     0.92     0.55     0.55     0.28     0.78     0.73 –     0.06    0.24
Fe     0.35     0.92     0.90     0.79     0.06     0.25 –     0.03    0.10
Cu     0.02   –0.05   –0.14   –0.01     0.27     0.16 –     0.80  –0.90
Zn     0.11     0.88     0.90     0.93     0.09   –0.12 –     0.00   –0.12
Br     0.05     0.10     0.29     0.59   –0.24   –0.25 –     0.79   –0.38
Rb     0.18     0.87     0.85     0.60     0.12     0.00 –     0.07   –0.00
Eigen values     4.38     4.39     4.13     1.89     1.67     1.90 –     1.26     1.06
Total variance (%) 48.7 48.8 45.9 21.0  18.6 21.1 – 14.0 11.8
Cumulative variance (%) 48.7 48.8 45.9 71.6  67.4 67.0 – 81.4 78.9
   a Higher loadings are shown in bold. 
   b, c, d are the control (n = 36), the chronic leukemia (n = 45), and the acute leukemia (n = 35), respectively. 

Table 8. Principal component loadingsa of several elements in whole blood of the control and leukemia age-groups 

PC1 PC2 PC3

Gcontrol
b G1c G2d Gcontrol G1 G2 Gcontrol G1 G2

S     0.97       0.96     0.22     0.12     0.17     0.92 –     0.06     0.02
Cl     0.93       0.86   –0.20     0.07   –0.03     0.82 –   –0.25     0.07
K     0.94       0.73     0.83     0.21     0.64     0.37 –     0.01     0.00
Ca     0.92       0.93     0.45     0.21     0.28     0.80 –     0.03     0.02
Fe     0.35       0.43     0.89     0.77     0.79     0.02 –     0.28     0.05
Cu     0.02       0.02   –0.11     0.41   –0.01     0.27 –   –0.96     0.77
Zn     0.11       0.11     0.82     0.93     0.93     0.02 –   –0.10     0.03
Br     0.05     –0.28     0.25     0.53     0.59   –0.18 –     0.39     0.76
Rb     0.18       0.41     0.83     0.77     0.60     0.04 –   –0.09     0.10
Eigen values     4.38       4.56     3.63     1.90     1.89     2.00 –     1.01     1.15
Total variance (%) 48.7   50.6 40.3 21.1 21.0 22.2 – 11.3 12.8
Cumulative variance (%) 48.7   50.6 40.3 69.8 71.6 62.5 – 82.9 75.3
   a Higher loadings are shown in bold. 
   b, c, d are the groups of control participants with ages: 28–50 years (n = 36), leukemia patients with ages: 14–28 years (n = 17), and 
leukemia patients with ages: 29–93 years (n = 57), respectively. 
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group and also in the G1 leukemia age-subgroup. PC2 
shows higher loadings for S, Cl, and Ca in G2 leukemia 
age-subgroup, while for the control and the G1 leu-
kemia age-groups, Fe and Zn contributed maximum 
loadings to PC2. The maximum loadings of Cu and Br 
were shown in PC3 for the G2 leukemia age-subgroup. 
The negatively maximum loading was shown for Cu in 
PC3 for the G1 leukemia age-subgroup, while these 
findings were absent in the control group. It could 
be concluded that the PCA demonstrated significantly 
different grouping/origin of the elements in the older-
-age of leukemia patients and controls. However, in 
older leukemia patients group, the major element, K, 
shared common PC with minor and trace elements and 
therefore, showed mutual dependence, while, the trace 
elements of Cu and Br revealed independent sources 
compared to the other major, minor and trace elements. 
The results showed that S, Cl, K, and Ca shared the com-
mon PC in both of the control and the leukemia younger 
age-groups, indicating that the light elements had the 
ability to continue their important role in constructing 
of enzymes, hormones, and cell-signalling molecules in 
leukemia younger-age patients. 

Conclusions 

In conclusion, the ES-XRF method was successfully 
applied for the determination of nine major, minor and 
trace elements (S, Cl, K, Ca, Fe, Cu, Zn, Br, and Rb) 
in leukemia patients and control groups. The results 
revealed marked differences in the distribution and 
correlations of the studied elements in the whole blood 
of leukemia patients compared with the healthy vol-
unteers. On the average basis, all the studied elements 
were significantly lower in the whole blood of leukemia 
patients than controls. 

PCA showed different apportionment mechanisms 
of major, minor, and trace elements in whole blood of 
leukemia patients and controls which supported that the 
body metabolism in the patients is being significantly af-
fected by the studied elements. In addition, the PCA re-
sults showed serious effects of the type, the growth and 
the older-age factors on redistribution of the element 
levels in whole blood of leukemia patients. On the other 
hand, PCA showed similar apportionment mechanisms 
of all studied elements, except Cu and Br, in younger-
-age and control groups, confirming the high stability of 
leukemia younger-age patients vs. any change in group-
ing of certain elements in the whole blood. 
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