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The present work aims at studying the alterations in blood viscoelasticity and hematological 

parameters as a result of the exposure to an electric field (50 Hz-4 kV/m-8h/d), a magnetic 

field (50 Hz -0.3 mT-8h/d) and high energy photon (6 MeV; 0.002Ao-1 rad). The blood tissue 

was chosen as biomarker for the direct and delay exposure evaluations, whereas its viscosity 

coefficient as function of the shear rate was monitored and its mechanical characteristics as 

function of osmotic pressure was measured. In addition, the hematological parameters were 

observed for all collected blood samples and correlated to the blood viscoelasticity. The 

obtained results showed remarkable effects on the studied blood parameters even at short 

exposure periods and /or after delayed exposure effects. From the present results it may be 

concluded that the exposure to electric and magnetic fields at extremely low frequency range 

has hazardous effect not less than the ionizing radiation at very low dose. Our findings 

indicated that maximum deteriorative effects resulted due to exposure to magnetic field      

(30 days) whereas the blood viscosity coefficient, RBCs elastic limit, and hemoglobin were 

decreased relative to the control by -38%, -30% and -25% respectively. Moreover, the 

changes in blood viscoelasticity and hematological parameters, as a result of the exposure 

even after 45 days’ post exposure support the hazardous effects of such fields. The need for 

new recommendations for exposure to such fields and frequent blood checkup should be done 

from time to another especially for residents who are exposed for long times.     
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 INTRODUCTION 

The expansion of using electric powers in 

industrialized countries and the parallel increase of 

environmental exposure to extremely low frequency 

electromagnetic fields ELF-EMF lead to apprehension of 

the hazard of these fields on the human health. Such 

exposures may cause several hazardous health 

consequences such as headache, fatigue, depression and 

hyperactivity [1].  In this regards, many studies were 

done for knowing the possible hazard effects attributed to 

these fields [2-12]. 

The ELF magnetic fields (ELF MF) cause lipid 

peroxidation due to overproduction of reactive oxygen 

species (ROS) [13,14]. ROS can be an important 

intercessor of cell structures damage, including lipids and 

membranes, proteins, and DNA [15,16]. In spite of the 

fact that the living organism has defensive systems 

against free radicals, these antioxidant defense systems 

can be deteriorated by the effect of magnetic field, which 

leads to an oxidative stress which gives rise to functional 

and morphological disturbances in red blood cells. [17] 

Blood, as a fundamental part of the immune system and 

one of the functional tissues, can deliver oxygen and 

nutrition to the vital parts in the body which was chosen 

to be investigated under exposure conditions [18]. The 

blood flow, which is considered as non-Newtonian 

fluids, through blood vessels is a very complicated 

phenomenon due to physical and physicochemical 

properties of the blood and the structure of the 

circulatory system. Rheological characteristics of the 

blood depend mainly on two parameters: viscosity and 

elasticity. The main factors determining blood viscosity 

are: the hematocrit value, erythrocytes aggregability and 

deformability, and the plasma viscosity [19]. 

In this regards, the study of the exposure of ELF MF 

(7 mT - 50 Hz - 24 h) on hematological parameters in 

vivo experiments on blood cell was carried out and the 

results indicated disturbance white blood cells WBCs, 

lymphocytes, and hematocrit [20]. Moreover, blood 

counts alternation, RBCs aggregations, and change its 
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viscosity were obseved.  In addition, in other studies the 

results indicated a significant decrease in RBCs counts, 

membrane elasticity, permeability, electrical conductivity 

of hemoglobin, increase of relative permittivity of the 

blood [21] and changes in the molecular structure of 

hemoglobin of exposed groups to MF. The blood smears 

photomicrograph of these groups revealed a distorted 

shape and staked RBCs forming rouleaux.  Such results 

might be correlated to the magnetic field interactions 

with blood cells at which might change size and charge 

on the surface of red blood cells RBCs [22]. On the other 

hand, other researchers reported that long exposure to 

Magnetic fields might to induce toxicity of specific 

organs as the result of RBCs functional failure and 

deterioration of metabolic activity [23-25]. Low values of 

Mean Corpuscular Volume (MCV) with loss of the 

cellular water and a cellular volume contraction were 

indicated at some researches as the reflection of the 

effect of EMF on membrane permeability. That was 

accompanied by an increase of the Mean Corpuscular 

Hemoglobin (MCH) with preserving the cellular 

respiratory capacity. Many of previous Experimental 

models showed a significant elevation in WBCs count 

which might be reflector to an inflammation [26,27]. 

Alterations in the calcium signaling pathways have been 

recorded in response to the effects of EMF exposure, 

calcium channels and receptors on the cell membrane, 

which affects the response of mitochondrial calcium 

reaction as the energy source of the cell [10]. 

Ionizing radiation (IR) has a sufficient amount of 

energy to induce physical symptomatology within 

minutes of exposure, appearing as the acute radiation 

syndrome (ARS) [28]. Radiation was shown to affect the 

biochemical structure of the red blood cells the 

membrane. It increases membrane cholesterol level, 

causes oxidation of membrane protein, thiol groups and 

lipid peroxidation, and fragility of membrane 

permeability barrier [29]. The effect of low exposure 

doses of gamma ray at doses of 0.055 Gy, 0.11 Gy and 

0.165 Gy on some hematological parameters of albino 

rats was investigated. The increase of gamma ray doses 

of rats led to a significant decrease in the RBCs and Hb 

were resulted. In addition, it was found MCV and MCH 

increase with increasing the exposure dose as well as      

a significant reduction in the platelets. But WBCs count, 

lymphocytes count, monocytic, neutrophils, esinophiles 

and basophiles respective controls were decreased with 

the increase of the gamma ray doses of rats [30]. 

Recently the effect of exposure to magnetic fields gained 

more attention than electric fields and so, our aim was to 

evaluate the biological hazardous effects of both fields. 

Furthermore, the impact of exposure to both fields and 

exposure to high energy photons on rheological the blood 

as main circulatory system was tested to highlight the 

possible bio-alterations. The  present work aimed at 

studying the effect of the extremely low frequency electric 

(50 Hz-4 kV/m-8h/d) and magnetic field (50 Hz -0.3 mT-

8h/d) and high energy photon (6 MeV; 0.002Ao-1 rad) on 

the blood rheological properties and hematological 

parameters.  
 

MATERIALS AND METHODS 

In the present study, 150 male albino rats of average 

170±15 g weight were used and divided into six groups. 

Two groups of forty rats were exposed to (4kV/m, 50 Hz-

8h/d) at two different exposure periods. Animals of first 

group were exposed for period of 7-days and the other 

one exposed for a period of 30-days. For each group ten 

animals were sacrificed immediately after exposure and 

the remaining ten were left in normal environmental 

condition 45-days post the exposure and then sacrificed. 

Similarly, two groups of forty animals were exposed to 

magnetic field (0.3 mT, 50 Hz-8h/d) successively during 

7 days (20 rats) and 30 days (20 rats). As mentioned 

before ten animals from each group were sacrificed 

immediately and the other ten were left in normal 

environmental condition and sacrificed 45 days post the 

exposure. In addition, another one group of twenty 

animals was exposed to high energy photon (6 MeV-1 rad) 

emitted from a linear accelerator (LINAC) at Faculty of 

Medicine, Alexandria University, Egypt. On the same 

manner, ten rats were immediately sacrificed after 

exposure and the other ten rats were left 45 days’ post 

exposure and then sacrificed. Finally, control group of  

50 animals were housed in normal environmental 

conditions, didn’t receive any treatment, kept inside the 

lab at average temperature of 25 ºC and 5 rats were 

sacrificed at every exposure condition as sham group. 

 The exposure to electromagnetic fields was utilized 

by using electric and magnetic exposure facilities. The 

electric exposure facility was adapted to generate electric 

field of 4 kV/m through Perspex chamber of dimensions 

100x30x35 cm3. The mains output of 50Hz-4 kV was 

conducted to the exposure chamber directly with the two 

side aluminum sheets covered by insulating materials to 

prevent electric shock with animals [31]. The reading of 

electric field inside exposure chamber was measured 

over the animal living space and confirmed to be     

4±0.2 kV/m. On the other hand, the magnetic exposure 

facility was adjusted to give magnetic field of strength 

0.3 mT applied over large cylindrical chamber of 

dimensions 100 cm long and 60 cm wide. The field was 

generated by using mains of 50-Hz-0.8 A connected 

directly with four solenoid coils (48 turns-2 mm) of 

length 63 cm/each. The animals were placed inside 
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Perspex cages of dimensions 30x40x35 cm3 on a shelf 

inside the central axis of the cylindrical chamber. On the 

other hand, the exposure to high energy photons (6 MeV; 

0.002Ao-1 rad) was obtained by exposing animals to 

Elekta Linear accelerator (LINAC) at source to surface 

distance (SSD) of 100 cm and it was adjusted to give 

collimator and couch angles of 00. 

Whole blood samples were collected immediately 

after sacrificing to further rheological, mechanical and 

biochemical analysis. The Brookfield DV-II 

Programmable Rheometer cone & plate (Spindle SC4-18/ 

Sample chamber SC4-13 (p)) manufactured by                

a Brookfield company in the USA measures blood shear 

stress and viscosity (cP) under specific shear rates. The 

rheometer was provided with circulating water path for 

temperature control. Then after the viscosity coefficient 

values versus each shear rate were plotted for all blood 

samples and so, viscosity curves were obtained. The 

mechanical properties of blood samples were measured 

by monitoring hemolysis of blood cells under osmotic 

effect. Osmotic fragility test of whole blood was 

performed for control and experimental groups by adding 

0.05 ml of blood sample to varying concentrations     

[0%-100%] of buffered sodium chloride solution (normal 

saline 0.9% NaCl). The solutions allowed to incubate at 

room temperature for a period of 30 min, then remix the 

test tubes gently and centrifuge at 3000 r.p.m (centrifugal 

model 800- 4000/min, made in China). Then after the 

hemolysis of supernatant was determined by taking the 

readings of absorbance by means of spectrophotometer 

(UV/visible spectrophotometer LKB-Novaspec, made in 

England). The biochemical parameters (Red blood cells 

RBCs, Hemoglobin Hb, Hematocrit HCT, mean 

corpuscular volume MCV, mean corpuscular 

Hemoglobin MCH, and Mean Corpuscular Hemoglobin 

Conc. MCHC and white blood cells WBCs) were 

measured for samples under investigations as adapted by 

[32]. Statistical analysis was performed with SPSS       

8.0 package (SPSS Inc., Chicago, IL). The analysis of 

differences between exposed groups and control groups for 

each variable was done by using independent sample t test. 

RESULTS AND DISCUSSION 

In the present work, a study of biophysical parameters 

of circulating tissue was done to evaluate the effect of 

ionizing radiation at very low dose and the effect of non-

ionizing radiation to compare its hazardous impacts. The 

blood tissue was chosen to be a biomarker for the 

radiation effects and its rheological, mechanical and 

biochemical characteristics were studied. The direct 

effect of exposure to electric, magnetic and high energy 

photons on whole blood viscosity was obtained at 

different shear rates as shown in Figure(1). The obtained 

curves showed same decreasing response of blood 

viscosity coefficient as much as the shear rates increased 

for all studied samples. The resulted curves indicated that 

the blood viscosity of all exposed samples showed clear 

shift to lower values than control one. It is worth to state 

that the maximum decrease of blood viscosity for 

samples exposed to MF-30days and followed by samples 

exposed to high energy photons. Figure (2) shows the 

viscosity curves for blood samples collected 45 days’ 

post exposure to study the possible effects of the 

exposure on the new blood generation. The obtained 

curves depicted enhancement in the blood vitality to 

come closer to the original state but still with remaining 

shift specially samples exposed to high energy photons. 

For analysis purpose the relative percentage of change in 

viscosity coefficient values were calculated relative to 

control ones. The reference control value was taken to be 

100% and the other coefficient values were calculated as 

percentages [(control coefficient value -treated 

coefficient value/control coefficient value) *100]. The 

obtained data at low shear rate (66 S-1) for samples 

collected after exposure directly indicated significant 

shift to lower values relative to control after exposure to 

MF-30 days, high energy photons and EF-30 days         

by -38%, -36% and -30% respectively. The study of 

relative changes in viscosity coefficient values for 

samples collected 45 days’ post exposure didn’t show 

complete recovery and indicated remaining depression in 

the viscosity coefficient by -20%, -10% and -7% after 

exposure to high energy photons, MF-30 days and      

EF-30 days respectively. It is worthy to state that the 

effect of exposure on the viscosity coefficient values at 

higher shear rate (264 S-1) showed similar 

correspondence with same effect order as the lower one.  

 

 

 

 

 

 

 

 

 

 
 

Fig. (1): The direct exposure effect in blood viscosity coefficient values 

for exposed and control samples as a function of shear rate 
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Fig. (2): the delayed exposure effect in blood viscosity 

coefficient values for exposed and control samples 

as a function of shear rate.   
 

Of note that the flow of blood through vessels is very 

complicated process at which it needs the blood to be 

viscoelastic material that exhibit different shear stresses 

without losing its heterostructure and preserve its vital 

contents. To this end the blood flow needs not only the 

viscosity parameter which defined as the resistance to 

flow but also, the elasticity parameters which defined as 

the resistance of blood to be deformed. The former 

findings showed remarkable effect of the exposure in the 

blood rheological characteristics as a result of significant 

structural alterations. The study of blood osmotic 

fragility may indicate the possible changes in the ionic 

permeability of blood cell membrane and so, its 

elasticity. The blood has the ability to be folded several 

times to pass through narrow capillaries smaller than its 

diameter to feed the proposed organs [32]. The elasticity 

of blood cells plays a major role in the folding process 

and so, study of osmotic fragility at different salt 

concentrations to monitor its ability to uptake high 

concentrations without rupture. Figures (3 and 4) show 

the hemolysis of blood cells under osmotic pressures at 

different NaCl concentrations for samples collected after 

exposure directly and 45 days’ post exposure 

respectively. The obtained data over all exposed samples 

illuminated shift in the hemolysis to be at higher 

concentrations than control one. The maximum shift in 

the hemolysis was determined for samples exposed to 

high energy photons and followed by samples exposed to 

MF-30 days which in resemblance to the viscosity data. 

Remarkable enhancement in osmotic fragility data for 

samples collected after 45 days’ post exposure.  

 

 

 

 

 

 

 

 

 

 

Fig. (3): The variation of hemolysis percentage as a function 

of NaCl concentration percentage for blood samples 

collected directly after exposure 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. (4): the variation of hemolysis percentage as a function 

of NaCl concentration percentage for blood samples 

collected 45 days’ post exposure 
 

The obtained hemolysis data for blood samples 

collected directly after exposure and delayed by 45 days’ 

post exposure were differentiated and graphed as             

a function of NaCl concentration percentage as presented 

in Figures (5 and 6). The working on the differential 

curves is useful for detecting significant elastic 

parameters such as the concentration at which hemolysis 

starts (Cs), the maximum hemolysis rate (Cmax), the half 

maximum width of this peak (WHmax) which represent the 

elastic range of the cell membrane. The elastic 

parameters were calculated from differential graphs and 

average values are listed in Tables (1 and 2). The shift of 

main differential peaks to higher or lower concentrations 

indicates alterations in the uptake of water molecules 
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under the osmotic pressure. The obtained data indicated 

increase of Cs% and Cmax% relative to control for 

samples collected directly after exposure with maximum 

shift for samples exposed to MF-30 days by 71% and 

44% respectively. The increase of Cs% and Cmax% 

relative to control was followed by samples exposed to 

high energy photons to be 48% and 35% Cs% 

respectively. Moreover, the value of WHmax% 

represents the rigidity of cell membrane as much its 

value increase as much the cellular membrane become 

rigid. The obtained data depicted very low width at half 

maximum for samples collected after exposure to MF-30 

days (-30% than control) and followed by samples 

collected after exposure to high energy photons (-20% 

than control). The data obtained from differential curves 

for samples collected 45 days after exposure indicated 

significant enhancement to come closer to the control 

values except for samples collected after exposure to 

MF-30 days and high energy photons. 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 

Fig. (5): The differential data plotted as a function of the 

average NaCl concentration percentage of samples 

collected directly after exposure 
 

 

 

 

 

 

 

 

 

Fig. (6): The differential data plotted as a function of the 

average NaCl concentration percentage of samples 

collected 45 days’ post exposure  

* Statistically significant 

** Statistically highly significant 
 

* Statistically significant 

** Statistically highly significant 

Table(1): The average values of calculated elastic parameters for samples collected directly after exposure 

Groups Cs % Cmax % WHmax % 

Control 35.73±2.31 45.71±1.74 10.12±0.95 

Exposed to high energy photons 52.92±.36 ** 61.08±2.42 8.22±0.65 ** 

Exposed to MF-7days 47.06±1.31* 54.91±1.33 * 9.88±0.75** 

Exposed to MF-30days 60.72±1.88 ** 65.22±1.95 ** 7.12±0.56 * 

Exposed to EF-7days 38.18±2.01 * 44.37±1.87 * 10.05±0.75 * 

Exposed to EF-30days 44.61±1.52 55.77±1.78 * 9.59±0.51 

Table(2): The average values of calculated elastic parameters for samples collected 45 days’ post exposure 

Groups Cs % Cmax % WHmax % 

Control 35.23±1.31 45.41±1.22 10.32±0.95 

Exposed to high energy photons 45.21±1.03 * 55.29±2.78 9.52±0.65 ** 

Exposed to MF-7days 36.67±1.75** 45.62±1.16 * 10.23±0.75** 

Exposed to MF-30days 46.21±1.32 ** 55.12±1.04 ** 9.21±0.62 * 

Exposed to EF-7days 35.28±1.15 * 45.23±1.02 ** 10.25±0.95 * 

Exposed to EF-30days 36.27±1.05 * 45.29±1.02 * 9.98±0.82 * 
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In addition to the viscoelasticity and osmofragility 

studies the effect of exposure on the biochemical 

parameters RBCs, Hb, HCT, MCV, MCH, MCHC and 

WBCs were studied for blood samples collected directly 

after exposure and delayed 45 days’ post exposure as 

tabulated in Tables(3 and 4) respectively. 

The obtained hematological parameters supported the 

former viscoelasticity and osmofragility results that 

indicated high shift in the samples collected directly and 

delayed by 45 days after exposure to MF-30days and 

followed by exposed groups to high energy photons. The 

RBCs indices (RBCs count, MCV, MCH, and MCHC) 

and WBCs counts of samples collected directly after 

exposure to MF-30 days showed maximum increase 

relative to the control values by (15%, 14%, 5%, and 

14%) and 15% respectively. Such increase was followed 

by RBCs indices (RBCs count, MCV, MCH, and 

MCHC) and WBCs counts for samples collected directly 

after exposure to high energy photons by (10%, 9%, 3%, 

and 8%) and 9% respectively. Moreover, the samples 

collected directly after exposure to MF-30 days showed 

maximum decrease in hemoglobin percentage relative to 

control one by -25%. The decreases in hemoglobin 

percentage was followed for samples collected directly 

after exposure to high energy photons by -20% than 

control one. 

Packing all results together it may lead to the effect of 

exposure on the macromolecular structure of blood cell 

membrane as a result of the interference between 

external electromagnetic signals and metabolic bio-

signals [33-36]. Such interferences had ability to change 

the charges distribution outer the cell membrane and 

produce lose membrane packing properties that lead to 

make cells stack together and hence its viscoelastic 

property will be altered [37-40].     

 

 

* Statistically significant 

** Statistically highly significant 
 

 

 

* Statistically significant 

** Statistically highly significant 
 

 

Table(3): The average values of biochemical parameters for samples collected directly after exposure 

Groups Hb (g/dl) 
RBCs  

(million/mm3) 
HCT (vol%) MCV (fl) MCH (Pg) MCHC (g/dl) 

WBCs  

(million/mm3) 

Control 12.03±0.4 4.61±0.14 37.90±1.45 87.96±2.03 29.1±0.95 33.65±0.84 92.87±2.45 

Exposed to high energy photons 9.61±0.24 * 5.06±0.20 * 30.30±1.63 96.56±3.11 * 30.08±1.19 * 36.93±0.96 101.95±3.03 

Exposed to MF-7days 10.68±0.49 ** 4.76±0.11 * 33.65±2.06 * 90.89±2.14 ** 29.28±1.02 * 34.77±1.03 * 95.97±4.09 ** 

Exposed to MF-30days 8.92±0.43 5.28±0.31 * 28.11±1.86 ** 100.67±3.59 30.45±0.87 * 38.51±1.28 ** 106.29±5.08 * 

Exposed to EF-7days 11.80±0.52 * 4.68±0.21 37.19±1.84 89.31±3.12 * 29.08±0.97 ** 34.16±1.48 94.3±3.23 ** 

Exposed to EF-30days 9.96±0.36 * 4.79±0.19 * 31.38±1.53 ** 91.46±3.8 * 29.4±1.07 * 34.99±1.26 * 96.57±4.76 ** 

Table(4): The average values of biochemical parameters for samples collected 45 days’ post exposure 

Groups Hb (g/dl) 
RBCs 

 (million/mm3) 
HCT (vol%) MCV (fl) MCH (Pg) MCHC (g/dl) 

WBCs  

(million/mm3) 

Control 12.03±0.40 4.61±0.14 37.90±1.45 87.96±2.03 29.1±0.95 33.65±0.84 92.87±2.45 

Exposed to high energy photons 10.92±0.36 * 4.98±0.22 32.10±1.65 ** 95.06±2.91 * 29.88±1.0 * 36.36±1.03 ** 100.37±3.03 

Exposed to MF-7days 11.69±0.44 4.69±0.13 ** 35.78±1.75 89.42±2.08 29.19±0.99 ** 34.21±0.93 94.42±4.09 * 

Exposed to MF-30days 11.31±0.44 ** 4.88±0.19 33.22±1.79 * 93.17±2.59 ** 29.61±0.95 * 35.64±1.05 * 98.38±5.08 ** 

Exposed to EF-7days 11.97±0.46 * 4.65±0.18 * 37.55±1.65 * 88.64±2.57 29.09±0.96 33.9±1.16 * 93.59±3.23 * 

Exposed to EF-30days 11.73±0.42 4.69±0.18 * 35.49±1.61 * 89.58±2.98 * 29.19±1.0 ** 34.26±1.19 ** 94.58±4.76 * 
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CONCLUSION 

From the present results it may be concluded that the 

exposure to electric and magnetic field at extremely low 

frequency range has hazardous effect not less than the 

ionizing radiation at very low dose. The exposure to 

magnetic field has the maximum hazardous effect as 

compared with other exposed groups and the highest 

deteriorations were observed after exposure to successive 

30 days. The changes in blood viscoelasticity and 

hematological parameters as a result of the exposure 

even after 45 days’ post exposure support the hazardous 

effects of such fields. The need of new recommendations 

for exposure to such fields and frequent blood checkup 

should be done from time to another specially for 

residents who expose for long times.     
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