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INTRODUCTION 

The introduction to clinical laboratory practice of new methods for multi-
elemental analysis in the last 15-20 years has increased the scientific interest in 
the elemental status in various biological tissues and fluids. Its evaluation 
provides an opportunity both to determine the clinical significance of elemental 
imbalance for various pathological conditions, and to conduct large-scale studies 
related to biomonitoring of the population. 

A major advantage of the inductively coupled plasma mass spectrometry 
(ICP-MS) over other modern methods of elemental analysis is the high throughput 
with the ability to perform rapid multi-elemental analysis of more than 72 
elements and their isotopes by scanning the entire mass range for 1 up to 3 min. 
Compared to this feature, the most commonly used method electrothermal atomic 
absorption spectrometry (ETAAS) is a single-element and significantly slower 
method. ICP-MS provides the possibility of simultaneous analysis in a wide 
working range of concentrations – (g/L, mg/L, µg/L, ng/L), compared to less than 
2 orders of magnitude for ETAAS. In terms of obtaining rapid semi-
quantitative information, ICP-MS is unique in the analytical practice. The 
method is characterized by high analytical reliability and the ability of working 
with microvolumes of biological material. These qualities determine the provision 
of parallel large-scale scientific studies with the same “bank of biological material”.  

Although knowledge in the field of ICP-MS analysis has been continuously 
expanding over the past few decades, there is no unified approach in combining 
pre-analytical sample preparation methods as well as calibration procedures. 
Their choice depends on the aim set in terms of the practical applicability of the 
method (fitness for purpose), on the equipment of the laboratory, on the 
qualification of the personnel and the conditions of the laboratory environment. 
By examining trace elements it is of utmost importance to identify and eliminate 
the sources of contamination with the elements of interest, to ensure the quality 
of the laboratory result. When developing an ICP-MS method for multi-element 
analysis in biological fluids and tissues, efforts are mainly related to overcoming 
mass spectral and non-spectral interferences and choosing an adequate calibration 
strategy. The achievement of stable parameters of the analysis, through 
appropriate optimization of the instrumental conditions is of crucial importance 
for the reliability of the data obtained.  

In the scientific literature, the term “human ionome” is already in ise, 
emphasizing the relevancy of the simultaneous quantification of separate groups 
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of essential and toxic elements. The scientific interest is in the clinical-diagnostic 
value of elemental ratios in various pathological conditions and the measures 
related to primary prevention.  

The key role of the elements copper (Cu), zinc (Zn), selenium (Se), rubidium 
(Rb) and magnesium (Mg) for the antioxidant and immune defense of the body is 
the indication for their simultaneous measurement in pathological conditions, 
based on processes such as oxidative stress and inflammation. Reliable reference 
limits (RL) for comparison are required for adequate interpretation of the results 
and their use for diagnosis, prevention and treatment.  

Until now, we have no data on a method for ICP-MS multi-element analysis 
in biological material of human origin, implemented in clinical-laboratory 
practice in our country, due to a lack of highly specialized equipment and qualified 
personnel. There is no data on RL for the element rubidium, as well as on RL 
verified with ICP-MS for copper, zinc, selenium and magnesium in individuals of 
Bulgarian nationality. Testing of the clinical applicability of the ICP-MS method 
for multi-element analysis of this group of elements is relevant in patients with 
autoimmune thyroid diseases. There are studies reflecting the importance of 
copper, zinc, selenium and magnesium dyshomeostasis in a wide range of thyroid 
diseases. However, there is scarce data in the scientific literature about the role of 
the element rubidium in this group of pathological conditions. The potential 
diagnostic significance of elemental ratios copper/zinc, copper/selenium in serum 
in various autoimmune diseases is increasingly discussed. 

The above-mentioned arguments are the basis for developing the present 
dissertation work and for defining its aim and tasks. 
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AIM 

Aim of the study: To develop and implement an ICP-MS method for the 
quantitative multi-elemental analysis of copper, zinc, selenium, rubidium 
and magnesium in venous blood serum and to verify the applicability of the 
method in clinical practice in patients with thyroid diseases.  

TASKS 

1. To select, optimize and validate an ICP-MS method for the quantitative multi-
elemental analysis of Cu, Zn, Se, Rb and Mg in venous blood serum.  

1.1. To standardize the conditions in the pre-analytical stage. 

1.2. To test the stability of the samples under different storage conditions of the 
biological material. 

1.3. To select an appropriate procedure for pre-analytical sample preparation. 

1.4. To determine linearity, limit of detection (LoD) and lower limit of quantification 
(LoQ), specificity, repeatability, reproducibility and accuracy of results. 

1.5. To perform a comparative analysis of the elements Cu, Zn, Se and Mg with 
the validated ICP-MS method and AAS method.  

2. To determine reference limits with the validated method of the elements Cu, 
Zn, Se, Rb and Mg in serum from venous blood, in clinically healthy adults 
from the Bulgarian population.  

3. To study the influence of the factors gender, age and physical activity on the 
serum concentrations of Cu, Zn, Se, Rb and Mg. 

4. To examine the serum concentrations of Mg, Cu, Zn, Se and Rb and the 
elemental ratios Cu/Zn, Cu/Se in some thyroid diseases to verify the clinical 
applicability of the ICP-MS method. 
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MATERIAL AND METHODS 

I. CLINICAL MATERIAL 

A total of 225 persons aged 18-70 of Bulgarian nationality were included in 
the study. 120 clinically healthy individuals and 105 patients with autoimmune 
thyroid diseases were examined in the period 2017-2019. All participants were 
selected with the help of previously developed questionnaires for the purposes of 
the study, documentation from medical examinations, laboratory tests and 
medical history documents from hospitalization at the Clinic for Endocrinology 
and Metabolic Diseases at UMHAT “St. George”, Plovdiv. For the purposes of 
the study a Scientific Ethics permission was received from the Committee at 
MU – Plovdiv (Prot. No.3/ 08.06.2017), for compliance of the planned scientific 
research with the ethical standards and criteria.  

1. Reference group 

To establish RL, a group of clinically healthy individuals was selected (n = 
120), including 60 men and 60 women of Bulgarian nationality, aged 18-70. The 
inclusion criteria were in accordance with the generally accepted 
recommendations of the International Federation of Clinical Chemistry (IFCC) 
and the Clinical and Laboratory Standards Institute (CLSI). All participants 
signed a voluntary written informed consent for inclusion in the study. The control 
of their clinical condition was carried out by taking anamnesis and by routine 
clinical-laboratory analyzes (complete blood count, differential blood count, 
erythrocyte sedimentation rate, glucose, urea, creatinine, uric acid, C-reactive 
protein, total serum protein, albumin, total cholesterol, triglycerides, HDL-
cholesterol, LDL-cholesterol, alanine aminotransferase, aspartate 
aminotransferase, sodium, potassium, chlorides, calcium) in the Central Clinical 
Laboratory of UMHAT “St. George”. The specialized ICP-MS multi-elemental 
analysis of Cu, Zn, Se, Rb and Mg in serum was carried out in research laboratory 
“Elemental Analysis” at the Scientific Research Institute of MU – Plovdiv 
(former Technological Center for Emergency Medicine – Plovdiv). 

Exclusion criteria: acute inflammatory diseases and fever in the last 30 
days; anemia, chronic diseases (liver, kidney, respiratory or heart failure, 
hypertension); obesity; alcohol abuse; smoking; drug addiction; occupational 
hazards, toxic exposure; night work; medicine intake; intake of dietary 
supplements containing Se, Zn, Cu, Rb and Mg in the last 6 months; impaired 
glucose tolerance; pregnancy and lactation; surgical intervention up to 3 months 
before blood collection; severe injuries; severe physical and mental stress. 



9 

2. Patients with thyroid diseases 

A total of 105 patients with thyroid diseases were included in the study, 
divided into three groups: autoimmune thyroiditis (AIT) with hypothyroidism, 
AIT in euthyroid state, and hyperthyroidism caused by Graves’ disease (GD) or 
AIT. The patients from the clinical group were selected by the specialists at the 
Clinic for Endocrinology and Metabolic Diseases at UMHAT “St. George”, 
Plovdiv. The diagnosis is confirmed on the basis of the patient's anamnestic data, 
clinical symptoms and the characteristic hormonal constellation, according to 
internationally accepted diagnostic criteria. The distribution of patients from the 
clinical group by nosological units is indicated in Table 1. 

Table 1. Descriptive characteristic of the studied groups. 

Clinical data Group 1 
(n=31) 

Group 2 
(n=33) 

Group 3 
(n=41) 

Control 
group 
(n=40) 

p-value 

Age 42 (29-59) 43 (26-67) 41 (28-60) 46 (21-62) 0.870* 
Gender 

(Male/Female) 0/31 4/29 3/38 3/37 0.267** 

Group 1: patients with AIT – euthyroid function; Group 2: patients with AIT – hypothyroid 
function; Group 3: patients with hyperthyroidism caused by AIT or GD  
*Kruskal-Wallis test applied; **Fisher's exact test was applied 

Inclusion criteria: newly diagnosed and untreated GD; newly diagnosed and 
untreated AIT in hypothyroid, euthyroid and hyperthyroid state; 

Exclusion criteria: intake of L-thyroxine and thyrostatics in the last 12 
months; intake of dietary supplements containing Cu, Zn, Se, Rb and Mg in the 
last 6 months; severe systemic or other endocrine diseases, immune diseases, 
acute and chronic inflammatory or malignant processes. 

A control group of sex- and age-matched individuals was selected for 
comparison of the patients’ results (Table 1). 

Laboratory tests: complete blood count, differential blood count, 
erythrocyte sedimentation rate, glucose, urea, creatinine, uric acid, C-reactive 
protein, total serum protein, albumin, total cholesterol, triglycerides, HDL-
cholesterol, LDL-cholesterol, alanine aminotransferase, aspartate 
aminotransferase, sodium, potassium, chlorides, calcium, copper, zinc, selenium, 
magnesium, rubidium, thyroid stimulating hormone (TSH), free triiodothyronine 
(FT3), free thyroxine (FT4), thyroglobulin antibodies (TgAb) and anti-TPO 
antibodies (TPOAb). 
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3. Comparative elemental analysis 

A comparative analysis of the elements Mg, Cu, Zn and Se by the validated 
ICP-MS method and AAS was performed on 90 serum samples in three 
concentration intervals covering the entire clinically relevant range. Of these: 40 
samples of patients from the reference group and 50 samples, each of which was 
prepared as a serum minipool of patients who underwent routine examination in 
the Central Clinical Laboratory in UMHAT “St. George”, Plovdiv. The validated 
ICP-MS method for the analysis of Cu, Zn, Se and Mg was carried out in the 
research laboratory “Elemental Analysis” at RIMU – Plovdiv. The obtained data 
were compared with the results of the analysis of Mg and Zn by flame AAS, as well 
as of Se by ETAAS in the Clinical Laboratory and Clinical Pharmacology, 
UMHAT “Alexandrovska”, Sofia. The comparative AAS analysis of serum Cu was 
performed in the Central Clinical Laboratory at the UMHAT “St. George”, Plovdiv. 

II.  CLINICAL-LABORATORY METHODS 

1. ICP-MS method for quantitative determination of copper, zinc, 
selenium, rubidium and magnesium in venous blood serum  

Analytical principle. Quantitative multi-element isotope analysis, 
combination of a high-efficiency ionization source – inductively coupled plasma 
(ICP), and a mass spectrometer (MS) – a device for separating and recording ions 
according to their mass-to-charge ratio (m/z). In ICP-MS, the sample is introduced 
to a nebulizer. The produced aerosol enters a nebulization chamber, where part of 
the droplets with a size of less than 10 µm enter the central channel of the plasma 
toroid. Тhey vaporize and atomize, and a large part of the obtained atoms are 
ionized, predominantly forming singly charged positive ions. The ions generated 
by the plasma discharge pass through a vacuum interface to a vacuum chamber. 
An ion beam is formed in the vacuum chamber by suitably adjusted ion optics, 
which first passes through an octopole collision chamber and then through a 
quadrupole mass filter. The quadrupole allows extremely fast selection of ions, 
based on their specific m/z ratio. The ions that have passed through the mass filter 
get into a specialized dual-mode detector (Figure 1). In cases of less than 
1,000,000 ions per second, the detector reports a digital signal – number of ions 
per second (cps – counts per second), and at higher frequencies, it switches to 
analog mode, allowing 9 orders of magnitude linearly dependent on the 
concentration of element signals. The qualitative characteristic for element 
identification is the m/z ratio of isotopes, representing it with the corresponding 
mass number, counted as singly charged positive ions. Calculation of the desired 
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concentrations of the analysed elements is carried out using calibration strategies 
embedded in the software of the analyser.  

Laboratory equipment: 1) Spectrometer with inductively coupled plasma 
ICP-MS iCAP Qc (Thermo Scientific, Germany), quadrupole, equipped with: 
collision cell, interface cones – nickel; sample introduction system with PFA 
atomizer, quartz glass chamber, thermostated with Peltier, quartz injector; system 
for automatic (on-line) introduction of internal standard (IS)  and sample; four-
channel peristaltic pump; detector working simultaneously in pulse (digital) and 
analog mode; cooling system; specialized software package QTegra Thermo 
Scientific; 2) Multiwave GO microwave mineralization system (Anton-Paar, 
USA); Centrifuge HuMax 4K (Human, Germany); 3) Analytical balance LA 124i, 
(VWR, Italy); 4) Sample mixer with electronic speed control vortex VV3 (VWR, 
Germany); 5) Ultrapure water system PURELAB Chorus 2+ (ELGALabWater, UK) 

 
Figure 1. Schematic of ICP-MS analyzer. 1 

Calibration solutions. 1) For determination of Cu, Zn, Se and Rb: from the 
certified calibration solution CRM Etalon multi element ICP (VWR chemicals), 
with a concentration of 100 mg/L, an stock calibration solution with a 
concentration of 1 mg/L is prepared. Calibration standards are prepared from the 
                                                           
1 The equipment was delivered under Project BG 161PO003-1.2.03 “Knowledge and 
Innovations for a Developed Economy and Healthcare”, Operational Program “Development 
of the Competitiveness of the Bulgarian Economy” 2007-2013. 
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stock calibration solution by appropriate dilution with 15% HNO3, and 130 mg/L 
Na content, in the following concentrations: for Se and Rb: 0.2, 1.0, 6.0, 20.0 and 
60.0 µg/L; for Cu: 1.0, 6.0, 20.0, 60.0, 80.0 µg/L, for Zn: 1.0, 2.0, 20.0, 60.0, 80.0 
µg/L; 2) For the determination of Mg: from the certified calibration solution CRM 
6 components (CPAchem Ltd.), with a concentration of Mg 60 mg/L, the 
calibration solutions are prepared, by an appropriate dilution with 15% HNO3 in 
the following final concentrations: 0.5, 0.6 and 0.9 mg/L; 3) from the certified 
standard solutions Rhodium ICP standard – 10 mg/L and Yttrium ICP standard – 
1000 mg/L (Merck) Rhodium (Rh)/Yttrium (Y) two-element IS solution was 
prepared in 15% HNO3 with 130 mg/L Na content, with a concentration of both 
elements of 2 µg/L. 

Commercial reference materials. Lyophilized control materials in two 
levels: (Seronorm Trace Elements Serum Level I, 201405; Level II, 203105, 
SERO AS, Norway). 

Reagents, reagent gases. HNO3 65%, Trace Metal Grade, Fisher Chemical, 
sodium chloride (10161 mg/L, CPAchem Ltd., Stara Zagora, Bulgaria); Solution 
for automatic optimization and mass calibration of ICP-MS analyzer ICAP 
Q/QNOVA TUNE SOLUTION (Thermo Scientific, Germany); Ultrapure water 
(18.2 MΩ.cm, ELGALabWater, PURELAB Chorus 2+); analytical gas argon 
with purity 5.0 (99.999%), collision gas helium with purity 5.0 (99.999%), 
(Messer Himko Gas). 

Biological material. In all subjects, biological material was collected 
according to the standard clinical-laboratory requirements for patient preparation 
and venous blood collection. Blood for all clinical chemistry tests, incl. for 
elemental analysis was stored at room temperature for 30 to 45 min. Serum was 
centrifuged at room temperature at RCF 1000xg/3000 rpm for 10 min and 
immediately separated from clot. Sera with lipemia, hemolysis, and jaundice were 
not included in the study. The separated serum for elemental analysis was 
transported and stored in cryotubes at a temperature of 2-8⁰ C for up to 24 hours 
or at a temperature of -70⁰ C until the analysis. 

Preanalytical preparation of serum samples. Microwave-assisted acid 
mineralization (MWM) of the samples is performed, using a procedure developed 
in our laboratory, using a Multiwave GO microwave digestion system (Anton-
Paar, USA). 

Instrumental conditions. The operating instrumental parameters and the 
isotopes selected for analysis with the ICP-MS analyzer are presented in Table 2.  
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Table 2. ICP-MS iCAP Q analyzer operating conditions. 

Plasma 

RF power 1550 W 

Nebulizer Ar-gas flow 1,03 L min-1 

Auxilliary gas flow 0,80 L min-1 

Plasma gas flow 14,00 L min-1 

He-gas flow* 4,4 mL min-1 

Mass spectrometer settings 

Nebulizer sample flow 1 mL/min 

Sweeps 15 

Replicates 3 

Survey run (amu) 22,39 – 245  

* KED-mode – collision cell mode. 

2. Methods for comparative elemental analysis  

The analyzes for serum Zn and Mg were performed by AAS (Perkin-Elmer 
Analyzer 300); for Se – by ETAAS (Perkin-Elmer with Zeeman background 
correction); for Cu – by AAS (Thermo Scientific ICE 3000).  

3. Hematology, clinical-chemistry and hormonal tests 

Complete blood count and differential blood count (Advia 2120, Siemens, 
Germany); erythrocyte sedimentation rate – manual measurement by the 
Westergren method; glucose, urea, creatinine, uric acid, C-reactive protein, total 
serum protein, albumin, total cholesterol, triglycerides, HDL-cholesterol, LDL-
cholesterol, alanine aminotransferase, aspartate aminotransferase, sodium, 
potassium, chloride, calcium (Olympus AU480, Beckman Coulter, USA); TSH, 
FT3, FT4, TgAb, TPOAb were determined by chemiluminescent enzyme 
immunoassay (Beckman Coulter Access 2, USA). 

Central clinical laboratory at UMHAT “St. George”, Plovdiv performs 
regular intralaboratory quality control and participates in external quality 
assessment programs.  
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III. STATISTICAL METHODS 

The software products IBM SPSS Statistics 19 and Microsoft Office Excel 
2010 were used for the statistical processing of the data.  

Reference intervals were determined according to the method recommended 
by the International Federation of Clinical Chemistry (IFCC) and the Clinical and 
Laboratory Standards Institute (CLSI) for establishing of RL. It includes 
assessment of the type of statistical distribution of the concentrations of the 
chemical elements through graphical analysis, formal statistical tests and analysis 
of the determined skewness and kurtosis coefficients. In case of Gaussian 
distribution of the concentrations of the studied chemical elements, a parametric 
method was applied (mean ± 1.96.SD). In case of non normal distribution, the 
following approaches were applied: use of the above-mentioned parametric 
method after transformation of the data, by means of a decimal logarithm operator 
or determination of the 2.5-97.5 percentile interval.  

To evaluate the influence of the factors age, gender and physical activity on 
the concentrations of the analyzed parameters, independent samples t-test or 
analysis of variance (ANOVA) were applied, in the case of Gaussian distributed 
concentrations. In case of non normal distribution and/ or presence of “outliers”, 
non-parametric tests were applied, respectively Mann-Whitney and Kruskal-
Wallis with Dunn post hoc analysis. The influence of patients' age on the serum 
levels of the elements Mg, Zn, Cu, Se, Rb was also evaluated by calculating the 
Kendall's Tau-b correlation coefficient. The chosen level of significance was α = 
0.05. For the purposes of descriptive analysis, the arithmetic mean, standard 
deviation and standard error of the mean (SEM) were calculated – in the case of 
normally distributed quantities. By non normal distribution and/ or the presence 
of outliers – median and interquartile range (IQR).  



15 

RESULTS AND DISCUSSION 

1. Standardization of conditions in the pre-analytical stage 

1.1. Contamination control. Venous blood collection tubes (Kabe 
Labortechnik, Primavette V Serum, 2.6 mL), serum sample storage cryotubes 
(Biosigma CL2ARBEPS CRYOGEN, 1.8 mL) and centrifuge tubes for storage 
and analysis of mineralized serum solutions (ISOLAB Laborgeräte GmbH, 15 
mL), were examined by an ICP-MS method. The evaluation of the received 
signals from the semi-quantitative analysis mode and their transformation into 
approximate concentrations (based on “response table” built into the software of 
the analyzer), shows that the extraction of the elements Cu, Zn, Se and Rb from 
all tested vessels is insignificant. All tested vessels were qualified as suitable for 
the analysis of trace elements Cu, Zn, Se and Rb in serum, without prior 
cleaning, but with mandatory contamination control for each new batch. 
Possible alternative procedures for elimination of the contamination by soaking 
for 12-24h in 10-20% (v/v) HNO3, and subsequent multiple rinsing with deionized 
or double-distilled water, are significantly labor-intensive and inapplicable for 
closed venous blood collection systems.  

Our method ensures reliable control of contamination both of closed 
venous blood collection systems and of other vessels and tools used during 
the pre-analytical and analytical stages of the laboratory process. Its 
application in practice would allow the use of the common serum tube for 
microelement analysis, as an acceptable alternative to special closed systems. 

1.2. Stability of the elements under different storage conditions of the 
serum We evaluated the stability of the elements Cu, Zn, Se, Mg and Rb in serum, 
comparing the results of the study of three groups of samples from a mineralized 
serum pool, exposed to different temperature and storage period. A statistical 
analysis of the differences between the arithmetic mean values of the results of 
the three analytical series and calculation of the average percent deviation (d%) 
of the arithmetic mean values of the results of series (II/T1) and (III/ T2) compared 
to (I/T0) was performed. The results prove that the serum separated after 
centrifugation intended for multi-elemental analysis of Cu, Zn, Se, Mg, and 
Rb can be stored for up to 12 h at room temperature, up to 1 week at a 
temperature of 2-8⁰C or up to 2 months at a temperature of -20⁰C (table 3).   
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Table 3. Concentrations of the studied elements (mean ± SD), P-value for the three 
groups of mineralized serum solutions and average percentage deviation (d%) of 
the arithmetic mean values in series II (T1) and III (T2) compared to I (T0). 

Element 
I (T0)* II (T1)* III (T2)* 

P-value 
mean ± SD mean ± SD d%** mean ± SD d%** 

Mg mmol/L 0,96 ± 0,03 0,99 ± 0,02 +3,13 1,00 ± 0,06 +4,17 0,256 

Cu µmol/L 18,70 ± 0,03 18,90 ± 0,03 +1,07 19,20 ± 1,3 +2,67 0,721 

Zn µmol/L 9,5 ± 1,0 10,2 ± 0,9 +7,37 10,0 ± 0,6 +5,26 0,096 

Se µmol/L 0,64 ± 0,02 0,67 ± 0,03 +4,69 0,67 ± 0,04 +4,69 0,256 

Rb µmol/L 2,60 ± 0,05 2,60 ± 0,05 0 2,59 ± 0,05 -0,38 0,803 

*I (T0) – storage up to 12 hours after sampling, at room temperature; II (T1) – storage for 1 week 
at a temperature of 2-8⁰C; III (T2) storage for 2 months at a temperature of -20⁰С 
**d%: [(Tx- To)/To]x100 

There is scarce data in scientific literature on the stability of trace elements 
in biological fluids. According to Tanvir et al. the stability in venous blood plasma 
of Cu and Zn is up to 6 months and up to 1 month for Se at 4⁰C, up to one year 
for Cu and Zn and up to 3 months – for Se at -20⁰С. According to the same study, 
deep freezing of samples to -80⁰C does not improve stability, but causes 
adsorption and/ or precipitation of some elements, which requires longer thawing 
of the samples.  

1.3. Pre-analytical sample preparation. The advantages and disadvantages 
of five methods for total acid mineralization of serum samples were 
experimentally evaluated: four different approaches for MWM (with 65% v/v 
HNO3), compared to hot plate digestion with hydrochloric acid (Table 4). The 
four MWM methods were tested sequentially by varying the amount of reagents 
used, the dilution factor of the samples and the temperature in the microwave-
assisted processing program. The significantly simplified and rapid method for 
MWM (0.3 mL serum with 1.5 mL HNO3, at 190°C, ramp-time 15 min, hold-time 
10 min), was evaluated by us as the most optimal, according to the pre-set criteria 
(table 4 – MW III).   
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Table 4. MWM of human serum samples: Hot plate with hydrochloric acid (Hot 
HCl) and four MWM methods (MW I-IV). 

 Hot HCl MW I MW II MW III MW IV 

Serum, mL 0,5 0,5 0,5 0,3 0,3 

HNO3, 
 
mL - 3,0 2,0 1,5 2.0 

H2O2, mL - 1,0 0 0 0 

T, ᵒC - 180 160 190 180 

DF* 20 30 20 33,3 33,3 

RCC, %** 16 0,010 0,09 0,03 0,06 

* DF – dilution factor; **RCC, % – residual carbon content 

At this stage, there is no generally accepted method for the pre-analytical 
preparation of serum samples for ICP-MS analysis. The various biological sample 
processing techniques described in the scientific literature are tailored to the 
expected concentration and chemical characteristics of the investigated elements, 
as well as to the purpose of the study. The main advantage of MWM is the 
effective decomposition of the organic matrix. As a drawback of the method 
Meyer et al. point out the requirement to load the microwave vessels with 
minimum amounts of 2-3 mL, in order to avoid evaporation losses of the samples. 
At the same time, optimal acid mineralization of the samples is possible by 
treatment with HNO3 with a concentration of 25-50%. On the other hand, to 
ensure long-term stability of the ICP-MS measurement, it is recommended that 
the final concentration of HNO3 in the analysis solutions does not exceed 10-15%. 
These potential interferences by HNO3 require additional dilution of the 
mineralizates, reaching high dilution factors (1:25-1:50) of the samples and resp. 
inability to achieve LoQ around ng/L.  

The results obtained by us from the ICP-MS analysis of certified 
reference materials in two levels prove that the chosen pre-analytical 
preparation procedure for ICP-MS multi-element analysis is reliable and 
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applicable in practice for the study of Mg, Cu, Zn, Se and Rb in serum from 
venous blood. We estimated that by this method of sample treatment: 1) the 
reagents and stages used in sample preparation are minimized, which is an 
important condition for preventing of contamination; 2) relatively complete 
degradation of the serum matrix with minor RCC is provided; 3) low density 
and viscosity analysis solutions with optimal HNO3 concentration are 
provided that are suitable for introduction into ICP-MS; 4) the nebulizer 
clogging is prevented and the effective nebulization of the solutions in the sample 
introduction system of the ICP-MS analyzer is favored; 5) the non-spectral 
interferences caused by the serum matrix are significantly reduced.  

2. Optimization and validation of an ICP-MS method for quantitative 
multi-elemental analysis of Cu, Zn, Se, Rb and Mg in serum  

2.1. Optimization of the method 

Correction of mass spectral interferences. In order to overcome the isobaric 
mass spectral interferences and to ensure the selectivity of the method, isotopes 
of the elements free from overlapping masses were chosen. At the same time, the 
natural abundance of these isotopes have also been taken into account, so that 
maximum sensitivity can be guaranteed. The following isotopes have been 
identified as the most suitable: 24Mg, 65Cu, 66Zn, 78Se, 85Rb. To eliminate the 
polyatomic mass spectral interference, a collision cell with collision gas helium 
(He) in KED-mode was used. The optimized instrumental parameters of the ICP-
MS analyzer are summarized in Table 2.  

Correction of the non-spectral interferences. The occurrence of non-
spectral interferences is significantly reduced by the effective decomposition of 
the serum matrix due to pre-analytical MWM of the serum samples. As an 
additional approach to overcome the non-spectral interferences and compensate 
for the instability of the measured signals, typical for long-term measurements 
with ICP-MS, the method of the internal standard (MIS) was applied.  

In order to select a suitable internal standard (IS), a comparison of the 
behavior of three candidates for IS, namely 103Rh, 185Re and 89Y, was made. Their 
effectiveness as non-spectral interference correctors was evaluated in six 
consecutive analytical runs under conditions of instrumental drift of up to 20% 
within 1h. The drift of their signals was compared with those of the isotopes 24Mg, 
65Cu, 66Zn, 78Se, 85Rb (Figure 2).  
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Figure 2. Comparison of the positive sensitivity drift of analyzed elements from II 
to VI analytical series vs I analytical series, with the ratio of their signals to IS (89Y).  
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The obtained experimental results identified 89Y as the most suitable IS for 
the purpose of ICP-MS multi-elemental analysis in serum for all the studied 
elements. 103Rh is suitable for parallel testing with Y for all elements analyzed 
except 24Mg and could also be used as IS. In the scientific literature, different 
approaches have been described for the application of MIS when using ICP-MS 
methods for multi-element analysis of serum, plasma or whole blood. Some of the 
most commonly used ISs are 45Sc, 71Ga, 74Ge, 89Y, 103Rh, 115In, 175Lu, 193Ir, 187Re, 
159Tb, 193Ir, 205Tl and 209Bi, and more often the use of a mixture of two or more ISs 
is recommended. Most publications describe procedures with manual addition of 
IS in the pre-analytical preparation step, in parallel with the reagents intended for 
matrix decomposition. 

In order to avoid the time-consuming manual IS spiking and to eliminate the 
risk of preparation error, we used an automated online IS introduction kit by 
mixing the flows of two channels controlled by the peristaltic pump: channel 
(A) –  for the sample solution, and channel (B) – for the IS solution Rh and Y. 
The selected approach provides a stable mixing of sample and IS, which we 
consider as an advantage of our procedure (figure 3).  

 

 

a) b) 

Figure 3. System for automatic (on-line) introduction of IS and sample of ICP-
MS (Thermo Fisher Scientific, iCAPQ) a) Sample introduction system b) Scheme 
of sample introduction system with channels for introducing and mixing the 
solutions of the sample and IS. 
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In the course of the experimental work, an interesting and important 
phenomenon was observed – as a result of the mixing of the slightly acidic IS 
solution from channel (B) with the strongly acidic solutions of the samples 
containing up to 15% HNO3 [from channel (A)] in the capillary, the appearance of 
numerous gas bubbles was observed. To eliminate this problem, we chose to work 
with equalized acid contents of the solutions from channel (A) and (B). The 
corrections made provide a significant reduction in potential non-spectral 
interference caused by fluctuations in the flow entering the nebulizer.  

Optimization of calibration. The choice of an appropriate calibration strategy 
in the present study is consistent with the matrix of the mineralized serum solutions, 
as part of the measures to overcome the possible non-spectral interferences. 

High Na content in serum solutions was found to provoke a matrix effect with 
two opposite manifestations in ICP-MS: an initial strong suppression of the 
ionization efficiency, followed by a gradual improvement of the ion transfer 
efficiency (Figure 4A), causing a positive drift. Easily ionizable elements (K, Na, 
Mg, Ca) are known to be a prerequisite for the occurrence of matrix interferences 
associated with changes in ion-atomic equilibrium beyond the ICP-MS cones. As 
a result, a suppression of the ionization efficiency was observed, resulting in a 
systematic deviation of the analytical results, which cannot be compensated by the 
application of MIS alone. The subsequent positive sensitivity drift can be explained 
as follows: saturation of the interface and the vacuum system of the ICP-MS with 
easily ionizable elements improves the ion transfer, due to their protective effect on 
the rest of the elements and the reduction of mass discrimination. Previous studies 
have indicated as an easily applicable procedure to overcome this kind of matrix 
interference, the method of pseudomatrix-matched calibration by addition to the 
calibration standards of Na, or a mixture of salts containing easily ionizable 
elements (NaCl, CaCl2, etc.).  

Based on the above observations, an optimized calibration approach was 
chosen by preparing the blanks and calibration solutions in 15% v/v HNO3 and 130 
mg/L Na as a matrix match (Figure 4B). The addition of Na to the prepared 
standards was calculated to approximate the expected sodium content of the serum 
mineralizate samples as closely as possible. To evaluate the accuracy of the method 
after the optimization of the calibration model, the elements Mg, Cu, Zn, Se and 
Rb were quantified in certified reference materials (CRM) in two levels (table 5). 
We accept that the chosen pseudomatrix-matched calibration strategy successfully 
corrects the ionization suppression effect of IS and the investigated elements.  
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Figure 4. R%: Recovery, % of IS (103Rh) in consecutive measurements in KED 
mode as follows: A) Sample sequence: (1-10) calibration standards prepared in 
15% HNO3, low Na content; (11-15) calibration standards in 15% HNO3 with 
high Na content; (16-18) 15% HNO3; (19-28) serum samples; B) Sample 
sequence: (2-23) calibration standards prepared in 15% HNO3, containing 
130 mg/L Na; (24-27) 15% HNO3; (28-40) serum samples.  

We can conclude that the presented approach, which combines MIS and 
an optimized pseudomatrix-matched calibration method, by preparing the 
blanks and calibration solutions with 15% v/v HNO3 and 130 mg/L Na, 
effectively compensates for both mass spectral interferences, and matrix 
interference, and is suitable for ICP-MS multi-element analysis of serum.  
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Table 5. Results of the ICP-MS analysis of certified reference materials in two 
levels (Seronorm Trace Elements Serum L-1, Seronorm Trace Elements Serum 
L-2), before and after calibration optimization (n = 6). 

 Mg, 
mmol/L 

Cu, 
µmol/L 

Zn, 
µmol/L 

Se, 
µmol/L 

Rb, 
µmol/L 

SeronormTM Trace Elements Serum L-1 

Target value 0,69 17,07 16,8 1,09 0,05 

Measured value 0,87 21,09 20,7 1,34 0,06 

RSD, % 10,7 5,0 5.7 3,6 15 

Recovery, % 126 126 128 123 111 

Measured value* 0,72 16,37 18,4 1,10 0,06 

RSD*, % 0,7 0,50 0,80 3,4 3,7 

Recovery, %* 105 98 113 101 116 

SeronormTM Trace Elements Serum L-2 

Target value 1,39 29,10 24,7 1,75 0,10 

Measured value 1,77 35,88 30,7 2,08 0,11 

RSD, % 11,2 6,8 4.1 1,9 6,8 

Recovery, % 127 119 131 119 114 

Measured value* 1,51 30,37 26,2 1,86 0,11 

RSD*, % 2,0 2,8 0,70 2,2 2,4 

Recovery, %* 109 100 111 106 113 

Note: RSD % and Recovery % are automatically calculated by the analyzer software, based 
on pre-entered declared values for the reference materials. 
*Values obtained after applying the pseudo-matrix matched calibration approach  
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2.2. Validation of the method 

2.2.1. Analytical reliability 

The analytical reliability of the newly developed method was evaluated by 
determining the main characteristics of the measurement procedure: linearity, 
limit of detection (LoD), upper and lower limits of quantification (respectively 
LloQ, UloQ), measurement range of the method, analytical characteristics 
accuracy, precision and trueness. 

Linearity. The relationship between the concentrations of the studied isotopes 
and the measured ratios of their intensity signals to the IS signals was evaluated as 
linear by the coefficients of determination (R2 ≥ 0.999) (figure 5, table 6). The 
software automatically plots the calibration curves for each of the isotopes 65Cu, 
66Zn, 78Se, 85Rb and 24Mg set for calibration (Figure 5). Instrumental detection 
limits (IDLs) of the studied isotopes are automatically calculated by the analyzer 
software and reflect the level of instrumental noise. The limits of detection (LoD), 
lower limits of quantification (LloQ), instrumental and methodical upper limits of 
quantification (UloQ, UloQm) are indicated in Table 6.  

Table 6. Coefficients of determination (R2), limits of detection (LoD), lower 
limits of quantification (LloQ), instrumental and methodical upper limits of 
quantification (UloQ, UloQm). 

Element R2 LOD LlOQ UloQ UloQm* 

Mg (mg/L) >0,999 0,0004 0,0014 0,9 29,7 

Cu (µg/L) >0,999 0,003 0,011 80,0 2640 

Zn (µg/L) >0,999 0,007 0,025 80,0 2640 

Se (µg/L) >0,999 0,0065 0,02 60,0 1980 

Rb (µg/L) >0,999 0,0005 0,002 60,0 1980 

*UlOQm = UlOQ*DF (Dilution factor, DF = 33). 



25 

  

  

 
Figure 5. Calibration curves (regression equations of straight lines forced through 
the blank sample) to determine the elements: a) Cu; b) Zn; c) Se; d) Rb and e) Mg.  

Reproducibility, trueness, accuracy. The analytical characteristics of the 
method, accuracy, reproducibility and trueness for the elements Cu, Zn, Se and 
Mg, were evaluated by examining certified reference materials (CRM). The 
CRMs used are lyophilized control sera of human origin, at two concentration 
levels corresponding to the clinically relevant concentration ranges, and the limits 
of linearity of the method (Table 6). Since the Rb values reported in the above 
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reference materials are close to the LloQ of the method, a pooled serum was used to 
assess the reproducibility and trueness of the analytical procedure for Rb (Table 7).  

Table 7. Analytical reliability of the method. 

Element СRМ CV% 
(1) 

CV% 
(2)  Bias% Cert/ 

ref 
95% CI 

 

Mg 
(mmol/L) 

Level 1 1,47 2,91 0,70 1,45 0,69 0,55 – 0,83 

Level 2 1,62 2,38 1,38 -0,72 1,39 1,11 – 1,67 

Cu 
(µmol/L) 

Level 1 1,43 2,36 16,9 -1,17 17,1 15,7 – 18,5 

Level 2 1,50 3,05 28,3 -2,74 29,1 26,7 – 31,5 

Zn 
(µmol/L) 

Level 1 1,83 2,82 16,5 -1,79 16,8 14,6 – 19,0 

Level 2 1,52 1,93 25,1 1,62 24,7 21,5 – 28,0 

Se 
(µmol/L) 

Level 1 1,62 1,95 1,06 -3,64 1,10 0,96 – 1,25 

Level 2 1,69 2,85 1,73 -1,14 1,75 1,52 – 1,98 

Rb 
(µmol/L) 

Control 
serum pool 1,96 3,29 2,69 1,10 2,72* 2,67 – 2,77* 

*Calculated values for the control serum pool 
CRM: certified reference material, CV% (1): repeatability (n = 10), CV% (2): reproducibility 

(n = 20), : arithmetic mean value of the concentration measured in the laboratory; Bias% – 
percentage deviation, Cert/ref: target value; 95% CI: confidence interval 

x

x
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The repeatability of the method in a continuous series (CV% 1, n=10) and 
the reproducibility (CV% 2, n=20) are presented in Table 7. As a measure of the 
trueness the bias% (n=20) of the arithmetic mean values obtained in the laboratory 
from the declared values of the manufacturer were calculated, which reflects the 
systematic errors (table 7). Additional assessment of the accuracy of the analytical 
procedure for the element Rb by the recovery method was made, using serum 
samples and CRM. Accuracy was assessed by the two components of the total 
error of the test procedure – systematic bias and random error.  

Specificity Analytical specificity (selectivity) of the method represents the 
ability to determine the element of interest in the presence of potentially 
interfering substances or factors in the sample matrix. It is ensured by the selection 
of interference-free isotopes, as well as by the above described procedures for 
overcoming mass spectral and non-spectral interferences. 

2.2.2. Intra-laboratory quality control 

The procedure for intra-laboratory quality control includes: 1) examination 
of blank samples in order to control the “carry over” effect every 10-15 samples; 
2) control of the linearity of the calibration curves for each analytical series; 3) 
control of random and systematic errors by examining certified reference 
materials in two levels for each analytical series of 20 samples; 4) examination of 
control standards within the analytical series, in order to monitor the instrumental 
drift. For all the mentioned measures, corrective actions are foreseen in case of 
non-compliance with the predefined quality criteria. 

2.2.3. External quality assessment. Comparative analysis of the elements 
Mg, Cu, Zn and Se by AAS and the validated ICP-MS method 

External quality assessment (EQA). Scientific research laboratory 
“Elemental analysis” participated in international program for EQA 
“LABQUALITY Serum B and C, general clinical chemistry 2020/56”. The data 
show high analytical reliability (Figure 6).  
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Figure 6. Results of participation in international EQA program “LABQUALITY 
Serum B and C, general clinical chemistry 2020/56”. 
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Comparative analysis of the elements Mg, Cu, Zn and Se by AAS and the 
validated ICP-MS method A comparative analysis of the elements Mg, Cu, Zn 
and Se was performed on 90 serum samples in three concentration intervals that 
covered the entire clinically relevant range. The validated ICP-MS method was 
compared with flame AAS for the elements Mg and Zn and ETAAS for the 
elements Cu and Se. The coefficient of determination (R2) in the performed 
regression analysis shows a good compatibility of the results obtained with the 
two methods for all the investigated elements (figure 7).  

  

  

Figure 7. Comparison of results of Cu (n=90), Zn (n=90), Se (n=83) and Mg 
(n=90) in serum by AAS and ICP-MS methods. 
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The data obtained by us for the evaluation of the analytical characteristics of 
the method and the uncertainty of the data obtained are comparable with the data 
published by other authors in the scientific literature. The data from the 
participation in an EQA program and the performed comparative analysis 
complement the characteristics of the validated method as applicable in clinical-
laboratory practice. Along with the above evaluation based on generally accepted 
international eligibility criteria, it can be summarized that in terms of the 
analytical reliability of the method, it is characterized by linearity in a wide 
concentration range, low limits of quantification, high reproducibility, 
accuracy and specificity. Our method fully meets the pre-set requirements 
regarding applicability in practice for quantitative determination of Cu, Zn, 
Se, Mg and Rb in venous blood serum.  

3. Establishment of reference limits for the elements copper, zinc, 
selenium, rubidium and magnesium in serum, in adults from the 
Bulgarian population 

Due to the development and implementation of new analytical methods, as 
well as to the changes in environmental factors in different geographical areas 
(bioavailability in soil, water, food, etc.), it is recommended to periodically update 
and verify with newly developed methods the RL for the different clinical-
laboratory parameters. 

In the present study, a preliminary assessment of the influence of gender and 
age factors on elemental concentrations was made. It was concluded that both 
factors did not influence the concentrations of the elements Mg, Zn, Rb and Se, 
which is the reason to propose common RL for Mg, Zn, Rb and Se for men and 
women aged 18 to 70 years (table 8). The analysis of the influence of the two 
factors on the concentrations of serum Cu showed a statistically significant 
difference in the arithmetic mean values between the two sexes, as well as 
between the age groups in women under 30 years and women over 30 years. RL 
were determined separately for men (18-70 years), women under 30 and women 
over 30 years old. 

Based on the data obtained for the normality of the distribution, a parametric 
method (mean±1.96.SD) for the calculation of the RL was applied for the 
following elements: Mg and Se, Cu for men, and Cu for the group of women under 
30 years of age (95% CI). Due to deviation from the normal distribution for the 
element Zn, as well as for serum Cu in the age interval from 31 to 70 years in 
women, a preliminary transformation of the data was performed using a decimal 
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logarithm operation. After normalization of the distribution, the same parametric 
method was applied to determine RL (Table 8). For the concentrations of the 
element Rb, a deviation from the normal statistical distribution and the presence 
of “outliers” were observed, which is why RL were determined by calculating the 
2.5-97.5 percentile interval. 

Table 8. Reference limits of the Mg, Cu, Zn, Se and Rb. 

Element Reference limits Reference limits 

Mg 15,8 – 24,1 mg/L 0,65 – 0,99 (mmol/L) 

Zn 634,2 – 1078,8 (µg/L) 9,7 – 16,5 (µmol/L) 

Se 54,6 – 111,5 (µg/L) 0,69 – 1,41 (µmol/L) 

Rb 146,1 – 322,3 (µg/L) 1,71 – 3,89 (µmol/L) 

Cu 

Men: 

Women ≤ 30 years: 

Women > 30 years: 

680,8 – 1221,6 (µg/L) 10,7 – 19,2 (µmol/L) 

566,3 – 1278,9 (µg/L) 8,9 – 20,1 (µmol/L) 

757,2 – 1533,4 (µg/L) 11,9 – 24,1 (µmol/L) 

The RL of Cu, Se and Zn of the present study were compared with the 
literature data from representative samples of healthy subjects in studies 
conducted in 18 countries (Table 9). Publications after 2005 were selected, and 
additionally data on the Bulgarian population from 1987 and 2016 were taken into 
account. The arithmetic mean value of the selenium concentration in our reference 
subjects (83 µg/L) is close to the values established in various European studies 
in healthy subjects, in the range 65-111 µg/L. However, it is higher than the 
reported by Tsachev et al. median (57 µg/L) in 1992. Possible reasons for the 
different results in the two studies may be the change in the diet of Bulgarians 25-
30 years ago and the relatively lower number of participants in our study (n=120). 
One of the criteria for evaluating the adequacy of the Se status is the concentration 
of Se in serum, which determines the maximum activity of the enzyme glutathione 
peroxidase (GPx) and selenoprotein P.
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Table 9. Comparison of values (95% CI) of elements Cu, Se and Zn in serum in the reference group of the present study, with 
healthy subjects according to literature data. 

Study n (М/F) Age (years) Method Cu (µg/L) Se (µg/L) Zn (µg/L) 
Current study, 2017 120 (60/60) 18-70 ICP-MS 566 – 1533 54,6 – 111,5 634 – 1079 
Bulgaria, 2013-2015 379 (172/207) 12-95 ААS 630 – 1584 - 765 – 960 
Bulgaria, 1987 345  ААS/ ЕТААS 681 – 1736 32,0 – 91,0 693 – 1242 
Bulgaria, 2006 143 6-10 ЕТААS - 36,0 – 101,8 - 
Italy, Belgium, England, 2012 1609 (748/861) 27-63 ААS/ ЕТААS 547 – 1896 59,3 – 134,5 595 – 1092 
USA, 2020 6683 (3289/ 3394) 8-80 ICP-MS 247 – 3066* 58,1 – 299,1* 314 – 2325* 
Romania, 2021 1264 (1053/211) 16-89 ICP-MS - 63,6 – 136,9 - 
Denmark, 2013 830 (155/675) 18-65 Fluorimetry - 59,4 – 138,2 - 
Germany 2021 2087 35-64 ICP-MS/MS 688 – 1354 60,9 – 99,1 543 – 913 
USA, 2015 2287 (1107/1180) 12-80+ ICP-MS - 119,8 – 692,5* - 
England, 2005 189 (94/95) 20-70+ ААS 898 – 1158 76,7 – 83,0 838 – 936 
Iran, 2012 2632 (1920/712) 20-94 ААS - - 608 – 2013 
Spain, 2016 372 (60/312) 20-70 ЕТААS - 56,1 – 102,9 - 
India, 2019 80 (7/73) 18-55 SPM 991 – 1820* - 770 – 1247* 
Korea, 2017 258 (119/139) 12-78 ICP-MS 678 – 1545 79,1 – 166,5 555 – 1287 
Brazil, 2016 240 (175/65) 18-74 ICP-MS 736 – 2801 - 600 – 1228 
Iraq, 2019 100 (Ж) 25-70 ААS - - 598 – 1126 
Sweden, 2014 1000 (498/502) 70 SFMS 589 – 1332 - 503 – 961 
Russia, 2020 107 (35/72) 34-60 ICP-MS 1004 – 1922 - 678 – 1686 
Serbia, 2019 295 (146/149) 38-42 ICP-MS 434 – 1042 41,1 – 97,8 387 – 839 
China, 2016 1327 (446/881) 40-70 ICP-MS 520 – 1540 100,0 – 300,0 550 – 1300 

Values reported as Range *M – men; F – women; SPM – spectrophotometry; SFMS – sector field mass spectrometry; ICP-MS/MS – inductively 
coupled plasma tandem mass spectrometry



The threshold plasma concentration of Se required to achieve full 
expression of these selenoproteins is about 80 µg/L, close to the arithmetic 
mean we found. However, it should be noted that 43% of the participants in 
our study had a concentration lower than 80 µg/L. Moreover, the lower 
reference limit (LRL) determined by us is 55 µg/L, a value in the 
concentration range below 70 µg/L, which is associated with selenium 
deficiency. It should be emphasized that the intake of dietary supplements 
containing the studied trace elements in the last 6 months before the study was an 
exclusion criterion for the reference group in our study. Our findings should also 
be attributed to the fact that Bulgaria, like most European countries, is among the 
Se-deficient areas on the world selenium atlas. The variable selenium status in 
different geographical areas in different regions is mainly dependent on 
environmental factors, including the Se content of soil and water. They determine 
the average content of Se in plant and animal products. In addition to being a 
function of selenium bioavailability along the food chain, some genetic factors, 
the local way of life and dietary habits of the population, as well as the intake of 
food supplements are of essential importance for selenium status. For these 
reasons, an individualized approach, depending on the baseline Se concentrations, 
should be required when assessing the need for additional intake of this trace 
element with dietary supplements.  

The reference limits of Cu and Zn in serum established by us in healthy 
individuals from the Bulgarian population are close to the established by Tsachev 
et al. in 1987 and Ivanova et al. in 2016. They fall within the interval, reported in 
healthy subjects in the European studies we analyzed, respectively for Cu – 434-
1896 µg/L and Zn – 387-961 µg/L (Table 9).  

The RL for Mg verified by us with the ICP-MS method (0.7 – 1.0 mmol/L) 
fall within the range of those used for comparison in practice (0.7 – 1.2 mmol/L) 
when working with routine colorimetric methods. These are close to the reported 
by Tsachev et al. values in 345 healthy persons from the Bulgarian population in 
1987 (0.7 – 0.9 mmol/L) measured by AAS. Several multicenter studies 
conducted in Europe, the United States, China, Australia, and New Zealand 
established a LRL in the range of 0.7–0.8 mmol/L and an upper reference limit 
(URL) in the range of 0.95–1.1 mmol/L. Despite the variable RL (0.9-
1.2 mmol/L) reported in the literature, the use of harmonized RL for total serum 
Mg is permissible, as critical values related to medical decision-making have been 
defined. We can assume that RL from 0.7 to 1.2 mmol/L are applicable in 
determining the total serum Mg concentration by the listed quantitative methods 
of analysis, regardless of the aim of the clinical-laboratory study.  
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Rb is among the trace elements whose significance for the human organism 
is still being studied. Although interest in the Rb element has been growing in 
recent years, there is still scarce data in the literature including groups of healthy 
individuals with relevant samples. To our knowledge, there are no known RL for 
Rb in serum in healthy individuals from the Bulgarian population. The few 
published studies show similar values to our RL (146-322 μg/L).  

4. Study of the influence of the factors gender, age and physical activity 
on the serum concentrations of copper, zinc, selenium, rubidium and 
magnesium 

Influence of gender. We found no statistically significant difference between 
the values of Mg, Zn, Se and Rb concentrations in males vs females (Table 10). 

Table 10. Influence of gender on the concentration of Mg, Cu, Zn, Se and Rb. 

Element Gender n Mean Р-value 

Mg mmol/L Women 
Men 

60 
60 

0,82 
0,82 0,729 

Cu µmol/L Women 
Men 

59 
60 

16,19 
14,95 0,003 

Zn µmol/L Women 
Men 

60 
60 

12,40* 
13,19* 0,052 

Se µmol/L Women 
Men 

60 
60 

1,04 
1,06 0,298 

Rb µmol/L Women 
Men 

60 
60 

2,52* 
2,41* 0,315 

*Median 

Our data confirm the findings of previous studies. However, some authors 
reported higher serum Se concentrations in men. It is suggested that the higher 
muscle mass in males is a possible cause for the higher concentrations compared 
to females. More data are needed to prove such a relationship. However, literature 
data on the relationship between the factor gender and Zn levels are contradictory, 
which is probably due to the influence of geographical factors and dietary habits. 
In our study, a significant difference was found between the arithmetic mean values 
of Cu concentrations in women compared to those in men (Table 10, Figure 8). 
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.  

Figure 8. Distribution of serum Cu concentrations by gender. 

Our observations confirm the findings of other authors, who report 
statistically significant gender-related differences, with up to twice higher serum 
Cu concentrations in females. One of the possible causes for the higher blood Cu 
levels in women is the estrogen-induced synthesis of the major Cu-binding 
protein, ceruloplasmin, in the liver. Probably for this reason, serum ceruloplasmin 
levels and Cu absorption are relatively higher in women aged 20-60 years. 
Estrogens, especially by intake of contraceptive drugs, directly affect the 
metabolism of Cu, contributing to the increased plasma levels. The influence of 
estrogens on Cu metabolism is highlighted in pregnant women, where serum 
levels are significantly higher compared to healthy non-pregnant women.  

Influence of age. As gender was found to have no effect on the 
concentrations of the elements Mg, Zn, Se and Rb, the statistical analysis 
encompassed the entire reference group. According to our data, no clear trend was 
observed between the concentration of Mg, Zn, Rb and Se and the age of the 
reference individuals, which confirms the conclusions made in previous studies. 
However, there are authors who report data different from ours. Chen et al. 
observed a statistically significant trend of decreasing selenium concentrations 
after 40 years of age in a large-scale study (n = 2755) conducted in Taiwan. The 
authors assume that the negative correlation between age and selenium 
concentrations is a result of the specific change in the dietary habits of older 
individuals who are religiously vegetarian. There are studies that find a negative 
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correlation between age and zinc concentration, as according to Rembach et al., 
who report a decrease by about 0.4% per year. A possible interpretation of these 
observations is the age-related decrease in the degree of intestinal absorption of 
some trace elements, incl. of Zn. On the other hand, however, Bocca et al., as well 
as Stojsavljević et al. reported significantly higher Zn concentrations in 
individuals over 40 years of age. 

Based on the data for statistically significant differences between the serum 
Cu levels in men and women, the analysis groups were further stratified by 
gender. The effect of age on serum Cu concentrations was analyzed by decade 
(Figure 9). Age was found to have no statistically significant effect on Cu 
concentration in males (p > 0.05). A statistically significant difference (p = 0.001) 
was found between Cu levels in women of different age groups. The highest 
concentrations were measured in women aged 51 to 60 years (Figure 9). By 
applying graphical analysis and the parametric ANOVA test with Post hoc 
analysis, multiple comparisons of arithmetic mean values between individual 
groups were made. The results showed a significant difference (p < 0.05) between 
Cu concentrations in women under 30 years of age vs women over 30 years of age 
(Figure 9). However, there are also studies in which no influence of age on the 
serum Cu level was found. Possible reasons for these contradictory conclusions 
are the size of the representative samples as well as the influence of the 
geographical factors discussed above. 

 
Figure 9. Distribution of serum Cu concentrations according to age by decade. 
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Influence of physical activity. The influence of physical activity on the 
level of the elements Cu, Zn, Se, Mg and Rb was studied in the subjects of the 
reference group. Due to the significant influence of the factors gender and age on 
serum Cu level, the reference group was further stratified by gender and age for 
this element. The data obtained proved that all three degrees of physical activity: 
low, moderate and intense, had no statistically significant influence on the levels 
of the studied elements (p > 0.05). It should be taken into account that according 
to the design of our study, the group with intensive physical activity (>2h per 
week) includes non-professional athletes. In the literature sources studied by us, 
the relationship between physical activity and elemental status is poorly studied, 
especially for the trace elements Cu, Zn, Se and Rb. Extreme and prolonged 
exercise is known to lead to both an acute-phase immune response and oxidative 
stress through increased free radical production in many tissues, including muscle, 
liver, and heart. The elements Cu, Zn and Se are essential cofactors of various 
enzyme systems with a key role for the body's anti-inflammatory and antioxidant 
protection. The dynamics of their status in conditions of systemic and intense 
physical activity is associated with an adaptive response through an increased 
capacity of the protective intracellular and extracellular antioxidant mechanisms, 
incl. GPx and selenoprotein P, erythrocyte copper-zinc superoxide-dismutase 
(SOD), etc. In two recent studies conducted in Spain, Maynar et al. studied the 
influence of intense aerobic exercise on serum and urine concentrations of a 
number of trace elements, incl. Cu, Zn and Se. The comparison between groups 
of professional athletes and individuals with a sedentary lifestyle proved 
significantly decreased serum levels of all three elements in the group of athletes. 
In conditions of comparable dietary intake, the depletion of these essential 
elements found in these studies, is logically associated with their intracellular 
retention. This adaptive change ensures the increased cellular metabolic needs, 
which are a result of the provoked oxidative stress. However, the relationship 
between serum concentration of Cu, Zn and Se and exercise is not fully 
understood. Some authors report similar to our results, finding no differences in 
the serum levels of these trace elements in individuals with different physical 
activity. It is likely that a number of additional factors such as baseline elemental 
status, intensity and duration of exercise, as well as genetic factors influence their 
redistribution between the intracellular and the extracellular space. A recently 
published systematic review and meta-analysis summarizes that in athletes, 
despite increased dietary intake, serum Zn concentration is lower compared to 
individuals with low physical activity. Probably, this trend is related to the 
intracellular retention of Zn, which plays a key role not only for the antioxidant 
capacity, but also for the energy metabolism in the cell. 
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The key role of Mg as an enzyme regulator in the synthesis and utilization 
of adenosine triphosphate (ATP) has long been known. Serum and erythrocyte 
Mg concentrations are known to decrease during exercise, and Mg 
supplementation has a protective effect against muscle damage. This is due to 
increased Mg requirements in conditions of intensive metabolism. For this reason, 
physically active individuals need additional intake of Mg. Suboptimal or 
deficient serum Mg concentrations in subjects with increased physical activity are 
associated with reduced efficiency of energy metabolism and reduced endurance 
capacity. Conversely, optimal Mg intake is associated with lower oxygen 
consumption and better cardiorespiratory indices during aerobic exercise.  

Data in the scientific literature on the influence of the physical activity on 
the Rb level are scarce. Maynar et al. investigated serum Rb concentrations in 
physically active men compared to sedentary men. They found significantly 
higher values in the studied group of athletes (254 μg/L vs 147 μg/L) and 
suggested that the Rb intake through water and air is of great importance for the 
its level in blood. In-depth and large-scale studies are needed to evaluate the 
influence of diet, gender, age and physical activity on serum Rb concentration.  

5. Study of the serum levels of Cu, Zn, Se, Mg, Rb and elemental ratios 
Cu/Zn, Cu/Se, in thyroid diseases 

Selenium. According to the data of our study, the mean values of Se were 
significantly lower in patients with hyperthyroidism. In patients diagnosed with 
AIT with euthyroid and hypothyroid function, this trend was not observed 
(table 11, figure 10). The arithmetic mean values obtained by us are close to those 
reported in previous European studies.  

The essential importance of Se for the thyroid gland as an independent 
environmental factor is of particular importance in individuals with a genetic 
predisposition to organ-specific autoimmunity, in whom even mild selenium 
deficiency can initiate or exacerbate AIT. Selenium deficiency is associated with 
reduced activity of the protective enzyme systems – GPx1, GPx3, thioredoxin 
reductase 1 (TxnR1) and thioredoxin reductase 2 (TxnR2). As a result, processes 
of inflammation and oxidative stress are initiated in the thyroid tissue, which 
contribute to thyroid damage, impaired metabolism and activity of thyroid 
hormones. The results of a number of studies support the hypothesis that Se 
deficiency potentiates the morbidity of AIT, goitre, thyroid cancer and GD.  
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Table 11. Comparison of the values (mean ± SD) of Mg and Se between 
individuals vs clinical groups. 

Groups Mg mmol/L P-value Se µmol/L P-value 

Control group 
Hyperthyroidism 

0,82 ± 0,07 
0,73 ± 0,07 <0,001 1,04 ± 0,16 

0,87 ± 0,19 <0,001 

Control group 
AIT, hypothyroid state 

0,82 ± 0,07 
0,78 ± 0,07 0,024 1,04 ± 0,16 

0,98 ± 0,16 0,334 

Control group 
AIT, euthyroid state 

0,82 ± 0,07 
0,75 ± 0,06 <0,001 1,04 ± 0,16 

1,07 ± 0,21 0,834 

 
Figure 10. Distribution of Se concentrations in the compared groups (TDH = 
Hyperthyroidism; TDL = AIT, hypothyroid state; TDEu = AIT, euthyroid state; 
CG = Control group). 

The influence of Se supplementation on thyroid function and morphology in 
AIT has been the subject of a number of clinical studies over the past 20 years. 
The main conclusions, summarized in several systematic reviews, are that the 
administration of selenium analogues, along with antithyroid drugs in the 
treatment of autoimmune diseases, has a good therapeutic effect on inflammatory 
activity and TPO-Ab expression in thyroid tissue. The question of the advantage 
of supplementation with physiological doses of Se (up to 100 µg/d) in certain risk 
groups is relevant, but still debatable. Se supplementation is thought to be 
beneficial only in Se-deficient patients and is contraindicated in individuals with 
an optimal and high baseline selenium level (Figure 11).  
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It should be noted, however, that the data for Se levels obtained in our study 
in all groups were below or very close to the cut-off value of 80 µg/L, which is 
associated with maximal activity of the selenoproteins glutathione peroxidase (GPx) 
and selenoprotein P. According to the present recommendations of the European 
Thyroid Association Se supplementation is indicated only in patients with Graves' 
orbitopathy. Тhe applicability of this approach in other patient groups would be 
possible after conducting clinical studies based on individual selenium status. 

Oxidative stress
Inflammation

Immunological activity

Selenoprotein concentration
Activity of antioxidant enzymes

Immunogenic, diabetogenic and carcinogenic effects
High cholesterol concentration
Increased cardiovascular risk

Skin, dental and neurological disorders

Selenium
deficit

< 80 µg/L

Serum 
concentration 
of selenium

> 150 µg/L 
Selenium 

intoxication

≈ 100 µg/d

Supplementation
of selenium

Contraindicated!

 
Figure 11. Influence of selenium imbalance and selenium supplementation on 
health status.  
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Magnesium. According to the data of our study, the arithmetic mean values 
of Mg were significantly lower in all three groups of patients – with hypothyroid, 
hyperthyroid and euthyroid thyroid function. (table 12, figure 12). 

The role of Mg as the main cofactor for the generation of ATP and activator 
of deiodinase enzymes refers to its indirect involvement in the synthesis of thyroid 
hormones. The concentration of magnesium ions in mitochondria is important for 
both cellular energy metabolism and antioxidant capacity in thyroid tissue. The 
correlation between Mg deficiency and the risk of increased TgAb titer and 
lymphocyte activation has been proven by other authors, respectively, in patients 
with AIT and GD. Mg as a cofactor in the generation of ATP plays a key role in 
the function of the endoplasmic reticulum. In this regard, Mg deficiency leads to 
the synthesis of thyroglobulin molecules with an irregular quaternary structure, 
which induces the production of TgAb. It is hypothesized that acquired 
mitochondrial dysfunction, resulting from a combined deficiency of Se, Mg, and 
coenzyme Q10, is a unifying pathogenetic factor in various thyroid diseases 
characterized by both hyperthyroidism and hypothyroidism. In a recent study, 
Shrivastava et al. observed elevated Mg concentrations in 120 patients with 
hypothyroidism (2.27±0.18) versus 120 controls (1.20±0.22) (p<0.0001). 
Conflicting data in the literature reflect the complexity of magnesium homeostasis, 
which is a function of the impact of a number of factors on Mg absorption, 
metabolism, and excretion. This necessitates the established in practice individual 
monitoring of both the total concentration of Mg and its ionized fraction.  

Table 12. Comparison of the values (mean ± SD) of Mg and Se between 
individuals from the control group and individual pathological groups. 

Comparison groups Mg mmol/L P-value Se µmol/L P-value 

Control group 
Hyperthyroidism 

0,82 ± 0,07 
0,73 ± 0,07 <0,001 1,04 ± 0,16 

0,87 ± 0,19 <0,001 

Control group 
AIT, hypothyroid state 

0,82 ± 0,07 
0,78 ± 0,07 0,024 1,04 ± 0,16 

0,98 ± 0,16 0,334 

Control group 
AIT, euthyroid state 

0,82 ± 0,07 
0,75 ± 0,06 <0,001 1,04 ± 0,16 

1,07 ± 0,21 0,834 
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Figure 12. Distribution of results for the concentrations of the element Mg in the 
compared groups (TDH = Hyperthyroidism; TDL = AIT, hypothyroid state; 
TDEu = AIT, euthyroid state; CG = Control group). 

Copper. In our study, only women were selected from the general control 
group for the comparative analysis of serum Cu indicators and Cu/Zn, Cu/Se 
ratios, due to the proven influence of the gender on serum Cu concentrations. 
Significantly higher concentrations of: 1) serum Cu (p < 0.001), 2) elemental ratio 
Cu/Zn (p = 0.002) and 3) elemental ratio Cu/Se (p < 0.001) were found when 
comparing the values of these indicators between women with hyperthyroidism 
and the control group of healthy women. The results of the comparison are 
presented in Figures 13-14 and Table 13.  

 
Figure 13. Comparison of median serum Cu concentrations (µmol/L) in hyperthyroid 
women, hypothyroid AIT women, euthyroid AIT women, and healthy control women. 
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a) 

 
b) 

Figure 14. Distribution of results for the ratio: a) Cu/Se; b) Cu/Zn, in women from 
the compared groups (TDH = Hyperthyroidism; TDL = AIT, hypothyroid state; 
TDEu = AIT, euthyroid state and the Control group).  
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Table 13.  Comparison of values (median) of Cu/Se and Cu/Zn ratios in women 
with hyperthyroidism, AIT with hypothyroidism, AIT with euthyroidism and the 
control group. 

Comparison groups Ratio Cu/Se P-value Ratio Cu/Zn P-value 

Control group 
Hyperthyroidism 

12,41 
18,43 < 0,001 1,29 

1,57 0,002 

Control group 
AIT, hypothyroid state 

12,41 
13,73 0,684 1,29 

1,35 0,427 

Control group 
AIT, euthyroid state 

12,41 
12,23 0,298 1,29 

1,24 0,653 

Several authors have reported results similar to ours in hyperthyroid patients. 
These observations can be explained by the influence of thyroid hormones on the 
level of serum Cu. It has been experimentally proven that the increased concentration 
of thyroid hormones in the blood stimulates the hepatic synthesis and excretion in 
the serum of the copper-specific transport protein ceruloplasmin, by means of the 
specific receptor TRβ. The mRNA levels of other Cu-containing enzymes, such as 
metallothioneins 1 and 2 and SOD 1 are also dependent on these processes.  In 
contrast to the clinical group with hyperthyroidism, in women with hypothyroid 
and euthyroid function, no significant differences were found in the levels of serum 
Cu and elemental ratios Cu/Zn, Cu/Se, when compared to the control group. Our 
observations are in agreement with the conclusion made by Talebi et al. in a 
recently published meta-analysis, according to which there was no significant 
difference in serum Cu levels between hypothyroid patients and healthy controls.  

Zinc. The relationship between optimal zinc status and thyroid hormone 
metabolism is the subject of a number of scientific studies that provide data on 
serum Zn deficiency in patients with nonmalignant thyroid diseases with 
hypothyroidism or hyperthyroidism. However, in our study, no statistically 
significant differences in Zn concentrations were demonstrated when comparing 
individuals from the control groups to the patients from the pathological groups 
(p > 0.05). Similar results to ours were also published by Liu et al. The complex 
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role of Zn in the normal function of the thyroid gland highlights the fact that the 
changes in zinc levels in thyroid diseases, observed in the above mentioned 
studies, cannot only be explained by its antioxidant effects. The therapeutic 
benefits of Zn supplementation on thyroid hormone levels in patients with thyroid 
dysfunction have been investigated. Despite the collected data on the beneficial 
effects on thyroid function, large-scale clinical studies are needed to thoroughly 
evaluate and validate this approach in the therapy of various thyroid diseases.  

Rubidium. Unlike the other micronutrients discussed, the role of the element 
Rb in antioxidant defense mechanisms in thyroid diseases has been poorly studied. 
Its involvement in the synthesis of nitric oxide, as well as of cytoplasmic and 
mitochondrial SOD, draws attention to this element as a suitable diagnostic marker 
for the assessment of oxidative stress. Undoubtedly, for the complex monitoring of 
elemental status with diagnostic and therapeutic purposes, the simultaneous 
multielemental analysis in the same sample of biological material would be of great 
benefit to clinical practice. In our study, no statistically significant differences in 
Rb concentrations were demonstrated when comparing individuals from the control 
groups with the patients from the pathological groups. Similar to our results were 
published by Liu et al. in patients with GD. In 2018 a prospective study reported 
statistically significantly lower levels of Rb and Zn in thyroid tissue samples of 
women with subclinical hypothyroidism. This elemental imbalance has been 
proposed for investigation as a pathogenetic factor in subclinical hypothyroidism, 
which in many cases is the cause of female infertility. 

Data on the effect of Mg, along with the trace elements Se, Zn and Cu 
on thyroid function, support the hypothesis that dyshomeostasis of these 
elements increases the risk of impaired thyroid function. A comprehensive 
assessment of the elemental balance would be extremely useful in 
determining the therapeutic approach in patients with various thyroid 
diseases. The role of the element Rb in the antioxidant defense mechanisms, 
as well as the diagnostic significance of the copper/zinc, copper/selenium 
element ratios in thyroid diseases are the subject of future studies.  
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CONCLUSIONS 

1. The optimized and validated ICP-MS method is suitable for the simultaneous 
quantitative analysis of the trace elements copper, zinc, selenium, rubidium 
and the electrolyte magnesium in venous blood serum. The method can serve 
as a basis for developing methods for ICP-MS analysis in other biological 
matrices. 

2. The reference limits of the elements copper, zinc, selenium, rubidium and 
magnesium in venous blood serum determined by the validated method in 
clinically healthy adults from the Bulgarian population are comparable to 
those determined by AAS methods for the Bulgarian population, and with 
the declared reference limits for other European countries. 

3. The absence of a statistically significant influence of the factors gender, age 
and physical activity on the concentrations of zinc, selenium, rubidium and 
magnesium is an argument for using in practice common reference limits for 
these elements in men and women aged 18 to 70 years, with different 
physical activity. 

4. The statistically significant influence of gender and age on serum copper 
concentrations necessitates the use in practice of separate reference limits for 
men aged 18 to 70 years, women up to 30 and women over 30 years of age. 

5. The established suboptimal serum concentrations of selenium in 43% of the 
reference individuals in our study should be taken into account when 
interpreting the results of the patients from the three clinical groups and the 
control group. This trend is probably due to the proven selenium deficiency 
in Bulgarian soils and water. It refers to the importance of the baseline 
selenium status as an independent local risk factor for autoimmune thyroid 
disease.  

6. The analysis of the results showed statistically significant hypomagnesemia 
in all patients with autoimmune thyroiditis, higher levels of serum copper 
and higher elemental ratios copper/zinc, copper/selenium in patients with 
hyperthyroidism, compared to healthy subjects. The data obtained 
emphasize the need for a thorough study of the clinical significance of 
complex elemental dyshomeostasis in thyroid pathology. 
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CONTRIBUTIONS 

ORIGINAL CONTRIBUTIONS 

1. A highly specific ICP-MS multi-element method for determining the 
elements copper, zinc, selenium, rubidium and magnesium in serum was 
developed, validated and implemented for clinical practice in Bulgaria. 

2. The conditions in the preanalytical stage of the ICP-MS multi-element 
analysis were standardized. 

3. The reference limits have been established and the influence of the factors 
gender, age and physical activity on the concentration of the element 
rubidium has been studied for the first time in Bulgaria. 

4. The reference limits of copper, zinc, selenium and magnesium in serum were 
verified with the ICP-MS method in adults of Bulgarian nationality. 

5. The serum levels of copper, zinc, selenium, rubidium and magnesium in 
serum, as well as the elemental ratios copper/zinc, copper/selenium in 
patients with autoimmune diseases of the thyroid gland, were simultaneously 
measured for the first time in Bulgaria 

CONTRIBUTIONS OF A CONFIRMATORY NATURE 

1. Suboptimal serum concentrations of selenium were confirmed among a large 
proportion of healthy adults of Bulgarian nationality. 

2. The influence of the factors gender and age on the serum concentration of 
copper was confirmed. 

3. Statistically significantly lower magnesium concentrations were confirmed 
in patients with autoimmune thyroiditis and Graves' disease compared to 
healthy individuals. 

4. Statistically significantly lower concentrations of selenium in serum were 
confirmed in patients with autoimmune thyroiditis in hyperthyroid state 
compared to healthy individuals. 

5. Statistically significantly higher levels of serum copper and higher values of 
the elemental ratios copper/zinc, copper/selenium were confirmed in women 
with autoimmune thyroiditis in hyperthyroid state compared to healthy 
individuals. 
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