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Abstract: The effects of RF-EMR from 5G on red blood cell (RBC) morphometric parameters and
complete blood count (CBC) in pigs are unknown. Exposure of human and laboratory animal blood
to RF-EMR from 4G and older technologies has been shown to have deleterious effects on blood cells
and changes in CBC. This study aimed to determine the effect of 5G RF-EMR at different frequencies
on RBC morphometry and CBC after short-term in vitro exposure of sow blood. Blood samples were
taken from 16 sows aged 1 to 2 years. Three ethylenediaminetetraacetic acid (EDTA) tubes per sow
were labelled as experimental tubes and three as control tubes. Experimental sam-ples were placed
in a Half-cone gigahertz transversal electromagnetic cell and exposed for 2 hours to three different
frequencies of 5G network, i.e., 700 MHz, 2500 MHz and 3500 MHz with an electric field strength of
10 V/m. The morphometric parameters of the erythrocytes were determined using the computer-
assisted programme SFORM, while the CBC value was determined using a haematology analyser.
The effect of 5G RF-EMR exposure on sow RBC morphometry in exposed blood was frequency
dependent. The most detrimental effect was observed after exposure at 700 MHz, which resulted in
significantly elongated and irregularly bordered sow RBCs. These results suggest that in vitro
exposure of blood to 5G RF-EMR may im-pact the RBCs shape, as well as their mechanical properties
or integrity, which could have serious effects on cell function.

Keywords: 5G electromagnetic radiation; in vitro blood exposure; haematology indicators;
erythrocyte morphometry; erythrocyte subpopulations; pigs

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202502.1226.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 February 2025 d0i:10.20944/preprints202502.1226.v1

2 of 15

1. Introduction

The widespread use of radiofrequency electromagnetic radiation (RF-EMR), especially with the
introduction of 5G networks, raises public concern about possible negative effects on human and
animal health [1-3]. Current research includes the bio-logical effects of RE-EMR on genotoxicity, cell
proliferation, gene expression, cell signalling, and membrane function [4], as well as on the immune,
hematopoietic [5], and reproductive systems [6]. Due to the lack of studies, especially long-term
studies, on the effects of 5G technology on the health of humans and other living beings, it is
necessary to begin researching the effects of 5G technology on different organ systems and cells under
as many different exposure conditions as possible. This is especially important given the possible
harmful effects observed with previous generations of wire-less technologies [2,3,6-8]. Additionally,
there is very little information in the available literature on the effects of 5G RF-EMR on blood and
blood cells, as the new generation of wireless technology uses different frequencies than those
previously utilised and is only just being introduced with a tendency to expand.

Exposure of humans and laboratory animals to 4G RF-EMR emitted from cell phones and other
devices has been shown to have deleterious effects on blood cells and induce changes in the complete
blood count (CBC). The effects are dependent on the type of organism exposed, the physical characteristics
of the radiation (frequency, modulation, electric field strength), and the duration of exposure [5]. In
humans, for example, RF-EMR from cell phones has been shown to cause adverse effects on blood cells
and changes in CBC parameters after prolonged (1 hour) in vitro exposure of blood to different exposure
frequencies. [5,9,10]. However, no studies on the effects of RE-EMR on CBC indicators in domestic animals
have been found in the available literature. The complete blood count is a basic haematology laboratory
analysis used to assess general health, monitor disease progression, and detect various disorders [11]. This
analysis includes determining the number of red blood cells (RBC), leukocytes, and platelets per litre of
blood, as well as assessing some of their morphological characteristics [12].

Further, morphometry is the simplest form of imaging cytometry and refers to the assessment
of cells or tissues/blood by measuring various cellular features in a two-dimensional view [26]. Recent
research uses more advanced and sophisticated measurements of RBCs with the help of computer
programs [27-29]. Namely, it is known that RF-EMR can damage cellular organelles such as the cell
membrane, mitochondria, and DNA [13]. After exposure to RF-EMR, cell membranes may become
“shocked,” leading to electroporation that creates pores in the membrane for water transport
(aquaporins), disrupting the ion balance inside and outside the cell [14-16]. Furthermore, mechanical
disturbances caused by RF-EMR can also increase cell membrane permeability [4]. The
transformation of the RBC from a biconcave (thermodynamically more favourable) to a spherical
shape [17], aside from aging, may result from conformational changes in RBC membrane proteins
and the redistribution of membrane phospholipids, with the separation of one phospholipid layer
from the other [18,19]. Finally, RF-EMR leads to cell necrosis, apoptosis, or autophagy [20], changes
in the functionality of membrane receptors [21] the generation of excessive amounts of free radicals
[22-24] and the weakening of the cell’s antioxidant system, creating conditions conducive to oxidative
stress [25]. Data on RBC morphometric indicators after in vitro exposure of human and pig blood to
RE-EMR are currently unknown.

Understanding the effects of RF-EMR on blood following in vitro exposure is of particular
importance because, on the one hand, blood and blood products are stored and used in transfusion
medicine [4,30] and, on the other hand, blood samples are often exposed to numerous and different
sources of RF-EMR during routine processing on the premises, e.g., mobile devices, wireless routers
and instruments using wireless technology. In addition, since pigs are considered the best model
whose results can not only be extrapolated to humans but also used for future clinical transfusion of
porcine red blood cells to humans [31], we believe that this research has practical significance. The
hypothesis of this research is that the RE-EMR from 5G networks leads to changes in CBC levels and
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RBC morphometry in sow blood after short-term in vitro exposure. Therefore, the aim of this study
was to determine the effects of 5G RF-EMR at frequencies of 700 MHz, 2500 MHz, and 3500 MHz on
CBC levels and RBC morphometry in sow blood following short-term in vitro exposure.

2. Materials and Methods

2.1. Animals, Housing and Feeding

The study was conducted at two family farms in Ludbreg, Varazdin County, Croatia. The study
included 16 German Landrace sows, 1 to 2 years old, ~170 kg (8 sows from each farm). The sows were
neither pregnant nor lactating. They were kept in a group in enclosed pens under the same housing
conditions, in accordance with the Council Directive 2008/120/EC [32]. Sows were fed twice daily with
a complete feed mixture containing maize, barley, bran (wheat) and sunflower meal, and a
supplementary feed mixture (mineral mixture for sows) (Tables 1 and 2). Access to water was ad libitum.

Table 1. Raw material composition of the complete feed mixture (expressed in dry matter) for the sows used in

the study (family farm 1).

Item Amount
Corn 60%
Barley 20%
Bran (wheat) 15%
Sunflower meal 3.5%
Premix * 1.5%

* Composition of the vitamin-mineral supplement (per kg mixture): phosphorus 3.0%, calcium 18.0%, sodium
5.5%, magnesium 1.5%, lysine 7.0%, methionine 2.3%, threonine 3.0%, HCl —insoluble ash 4.7%, vitamin A
300,000 IJ/kg, vitamin D 50,000 IJ/kg, vitamin E 4,000 mg, iron (ferrous sulphate) 2.205 mg, iron (glycine iron
chelate) 375 mg, iodine 50 mg, copper (copper (II) sulphate) 130 mg, copper (copper bilizinate) 125 mg,
manganese (manganese (II) oxide) 1025 mg, manganese (glycinemanganate chelate) 375 mg, zinc (zinc oxide)
1675 mg, zinc (zinc bilizinate) 625 mg, selenium (sodium selenite) 10.5 mg, Selen (selenomethionine) 2 mg

(natural pig ZL 70, Schaumann Agri Austria GmbH&Co. KG, Brunn am Gebirge, Austria).

Table 2. Raw material composition of the complete feed mixture (expressed in dry matter) for the sows used in

the study (family farm 2).

Item Amount
Corn 70%
Barley 16%
Bran (wheat) 6%
Sunflower meal 7%
Premix * 1%

* Composition of the vitamin-mineral supplement (per kg mixture): phosphorus 3.5%, calcium 20.5%, sodium
6.5%, magnesium (magnesium oxide) 20 g, lysine 3.0%, methionine 1.5%, threonine 0.5%, vitamin A 400,000
IJ/kg, vitamin D 63,000 IJ/kg, vitamin E 2,000 mg, iron (ferrous sulphate) 7,950 mg, iodine (calcium iodate) 82
mg, copper (copper (II) sulphate) 750 mg, manganese (manganese (II) oxide) 2440 mg, zinc (zinc oxide) 4269 mg,
selenium (sodium selenite) 15 mg, sodium chloride (NaCl) 170 g, calcium carbonate (CaCOs) 435 g, phosphorus
(monopotassium phosphate) 180 g (Supramin Z3/T —3%, Likra Tierendhrung GmbH, Linz, Austria).
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2.2. Blood Collection

The study was carried out on freshly drawn sow blood samples. Blood samples were collected
in accordance with the national Regulation on animal health protection measures against infectious
and invasive diseases and their financing in 2022 (OG 145/2021) [33] and the remaining blood was
used for the study.

Blood was collected once from the cranial vena cava of sows using vacuum tubes with a needle
with the addition of the anticoagulant ethylenediaminetetraacetic acid (EDTA). The venepuncture
site was disinfected before the procedure in accordance with professional regulations. The remaining
blood samples were distributed in six test tubes (BD Microtainer® Tube, K2EDTA), with
approximately 1000 uL of blood in each tube.

2.3. Exposure of Blood Samples to 5G Radiofrequency Electromagnetic Radiation under Laboratory Conditions

Experimental blood samples (three test tubes) from each sow were exposed to continuous 5G
RE-EMR at different frequencies using a Half-Cone gigahertz transversal electromagnetic cell (H-
CTEM) made in the Department of Radio Communication and Radio Frequency Electronics, Faculty
of Electrical Engineering and Computing, University of Zagreb, Zagreb, Croatia [34]. The
experimental blood samples were exposed to H-CTEM at a frequency of 700 MHz (one test tube per
sow), 2500 MHz (one test tube per sow) and 3500 MHz (one test tube per sow) at an electric field
strength of 10 V/m for 2 hours. The remaining three samples/tubes were kept under identical
conditions, in a metal box of the same material as the H-CTEM cell and in the same room, without
exposure to 5G RF-EMR (control group).

The CBC indicators were determined in the experimental and control samples of the sow whole
blood, the morphometric characteristics/properties of RBCs were analysed.

2.4. Analysis of Hematologic Indicators in the Blood

Haematology analyses (a total of 96 whole blood samples, i.e., 1728 analyses) were performed at
the Department of Physiology and Radiobiology, Faculty of Veterinary Medicine, University of
Zagreb, Zagreb, Croatia, using the Abacus Junior Vet Haematology Analyser (Diatron, Tablas u.,
Hungary) [28,35]. Prior to analysis, blood samples were mixed in automatic mixers for 30 minutes at
room temperature (20 °C). All analyses were performed twice with a maximum error of <4%. The
sampling procedure was performed with the manufacturer’s reagents (Diatro Lyse_DIFF, Diatro
Cleaner and Diatro-Rinse, Hungary) in four steps. In addition to the haematology indicators analysed
with a blood cell counter, a differential blood count was analysed manually to determine the ratio of
the different types of leukocytes in the blood. The haematology counter analysed: total number of
leukocytes, number of lymphocytes, number of RBCs, haemoglobin, haematocrit, average RBC
volume per litre of blood (MCV), average amount of haemoglobin in RBCs (MCH), average
concentration of haemoglobin in RBCs (MCHC), width of distribution of RBCs, number of platelets,
plateletcrit, average platelet volume, and width of distribution of platelets.

2.5. Morphometric Analysis of Red Blood Cells

Blood smears were prepared from sow blood samples (experimental and control) and stained
according to Pappenheim (May Griinwald and Giemsa solutions). The stained blood smears were then
subjected to computer analysis (basic morphometric features/characteristics of RBC) on a personal
computer using the SFORM program (VAMSTEC, Zagreb, Croatia) [28]. The system consists of a high-
resolution colour camera (Donpisha 3CCD), which digitises the image under the 100x magnification
lens of the Olympus BX 41 light microscope and transfers it to a personal computer. The primary
morphometric indicators ie. indicators of RBC size and indicators of RBC shape, were then
determined. A total of 96 stained blood smears of sow RBCs were analysed. More than 100 RBCs were
measured for each stained smear. Only RBCs that did not overlap were analysed. A total of 13,482 RBCs
were measured from control (unexposed) and experimental (exposed) blood samples from 16 sows.
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RBCs were measured in 48 control (non-exposed) and 48 experimental samples/smears (samples
exposed to 5G at frequency of 700 MHz, 2500 MHz and 3500 MHz). RBC boundaries were marked
interactively (initially with an automatic RBC rounding command) with manual correction using a
computer mouse. The following was determined for RBC cytoplasm: area (pum?), outline (um), convex
area or convexity (um?), minimum and maximum radius (um), length and width (um). Shape indicators
for RBCs were calculated using primary indicators (length, width, area and outline): roundness = (4 x
area)/[rt x (maximum radius)?], form factor (rugosity; 4m x area/outline?), ellipticity (length/width) and
elongation (length — width)/(length + width), solidity = area/ convex area, contour index = outline/Narea.

2.6. Statistical Data Processing

The blood samples from sows were analysed in this study. Statistical analysis was performed using
the SAS 9.4 software package (Statistical Analysis Software 2002-2012, SAS Institute Inc., Cary, USA).

Descriptive statistics were performed using the PROC MEANS and PROC FREQ modules. The
normal distribution of the data was tested using the PROC TRANSREG module. If the assumptions
of normal distribution of the dependent variables were violated and in the case of heterogeneity of
variances, transformation of variables was performed using the BOX-COX transformation, usually
by logarithmic or exponential transformation.

A quick test of the dependent variable was performed by multivariate analysis of variance
(MANOVA) based on the Wilks” lambda criterion using the GLM procedure to gain insight into the
possible statistical significance of the differences between the groups. The main analysis model was
conducted using the GLIMMIX procedure and included the fixed effect of group. Results are
presented as least squares means (LSM) and 95% confidence intervals. The Tukey-Kramer method of
multiple comparisons at the level of statistical significance p<0.05 was used to compare mean values.
If a transformation was performed after the analysis, the data were transformed back to the original
values and are presented as such in the tables and figures.

In addition to analysing the values of each morphometric indicator individually, multivariate
data clustering analyses (CLUSTERS) were also performed in several steps to obtain RBC
subpopulations based on the data of the main morphometric indicators. The first analysis performed
was the principal components analysis to obtain the characteristic values (eigenvalues) of the
morphometric indicators using the Kaiser criterion (A> 1) to determine the number of principal
components. The second analysis performed was the grouping of the data using a non-hierarchical
analysis (K-means and Euclidean distance) of the principal indicators for each component from the
previous analysis using the PROC FASTCLUS module. In determining the number of
subpopulations, the output statistics of the FASTCLUS procedure were used. The test for differences
in the distribution of RBC subpopulations between the groups was performed using the chi-square
test. The diagrams were created with a resolution of 300 dpi using the SGPLOT method.

3. Results

3.1. Indicators of the Complete Blood Count after Blood Exposure at 700 MHz, 2500 MHz and 3500 MHz

Tables 3 and 4 shows the values of CBC indicators of sow blood of the three independent
experimental groups (exposed to 5G at frequency of 700 MHz, 2500 MHz or 3500 MHz) and control
groups. The experimental and control samples differed significantly in the mean values for only three
CBC indicators: the number of neutrophils was significantly lower (p<0.01) in the experimental group
exposed to 5G at 3500 MHz (Table 3), the RBC count was significantly lower (p<0.05) in the
experimental group exposed to 5G at 3500 MHz, and MCV was significantly higher (p<0.05) in the
experimental group exposed to 5G at 3500 MHz compared with the control group (Table 4).
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Table 3. Differential blood count and leukogram indicators in sows. Mean values and 95% confidence interval
of three independent experimental groups (in each group 16 samples were exposed to 5G RF-EMR at frequency
of 700 MHz, 2500 MHz or 3500 MHz) and the control group.

5G radiofrequency electromagnetic radiation (5G RF-EMR) frequencies

700 MHz 2500 MHz 3500 MHz
Number of sows 16 16 16 16 16 16
Group Control  Experimental Control Experimental Control Experimental
Neutrophils (%) 43.75 43.50 4531 45.75 48.75 4238
P ° (38.60-49.04)  (38.35-48.49) (40.12-50.60) (40.55-51.04) (43.50-54.03) (37.26-47.66)
181 . 12 1. 1.94 .
Immature neutrphils (%) 8 3.06 > 69 ° 3.35
(111-2.94)  (2.11-443) (0.69-2.24) (1.02-2.79) (1.21-3.09)  (2.26-4.65)
Basophils (%) 1.69 131 0.75 1.19 1.06 1.75
prs to (097-292)  (0.70-2.45) (0.33-1.71) (0.61-2.29) (0.53-212)  (1.02-2.99)
Eosinophils (%) 5.19 3.94 450 431 331 4.00
P ° (3.90-6.87)  (2.84-544) (3.31-6.09) (3.15-5.87) (231-472) (2.89-5.52)
Lymphocvtes (%) 43.75 4456 1281 42.19 40.25 41.50
ymphocytes to (38.25-49.41)  (39.04-50.23) (37.33-48.47) (36.73-47.85) (34.85-45.89) (36.06-47.15)
Monocytes (%) 3.69 3.94 513 481 5.19 6.13
onocytes to (2.78-4.88)  (2.99-5.16) (4.04-649) (3.76-6.14)  (4.09-6.56)  (4.93-7.59)
1733 17.32 17.33 17.15 17.83 17.15
Total leukocytes (10%/L
otal leukocytes (10°/L) ;575 19.69) (15.25-19.68) (15.26-19.69) (15.08-19.51) (15.76-20.18) (15.08-19.51)
7.38 7.25 7.73 7.69 8.49% 7.21%
hils (10°/L
Neutrophils (10%L) (641-851)  (6.27-837) (6.75-885) (6.71-881) (7.51-9.60) (6.23-8.33)
0.31 0.25 0.15 0.24 0.19 0.31
Basophils (10%/L
asophils (10°/L) (0.15-0.48)  (0.08-041) (0.01-0.32) (0.07-0.40) (0.03-0.35) (0.15-0.47)
0.88 0.65 0.73 0.72 0.61 0.66
Eosinophils (10°/L
osinophils (10°/L) (0.65-1.11)  (0.42-0.89) (0.50-0.97) (048-095) (0.38-0.84)  (0.42-0.89)
7.84 8.05 7.56 7.42 7.35 7.20
Lymph 10°L
ymphocytes (10°/L) (6.339.70)  (6.54-991) (6.06-9.43) (5.93-930) (5.86-9.23) (5.71-9.08)
0.61 0.65 0.89 0.80 0.92 1.0

109/L
Monocytes (10°/L) (041-0.84)  (045-0.88) (0.69-1.12) (0.60-1.03) (0.72-1.15)  (0.85-1.28)

Asterisks indicate statistically significant differences between control and experimental sample groups (values

in the same row and adjacent column are statistically significantly different * p<0.01). Note: All indicators in the

table are within the physiological range for pigs [36,37].

Table 4. Erythrogram and leukogram indicators in sows. Mean values and 95% confidence interval of three
independent experimental groups (in each group 16 samples were exposed to 5G RF-EMR at frequency of 700
MHz, 2500 MHz or 3500 MHz) and the control group.

5G radiofrequency electromagnetic radiation (5G RF-EMR) frequencies

700 MHz 2500 MHz 3500 MHz

Number of sows 16 16 16 16 16 16

Group Control  Experimental = Control  Experimental = Control  Experimental
6.81 6.76 6.74 6.80 7.02% 6.77*

Total RBCs (101%/L

ol RBCS (10%L) (a3 730y (628727)  (626725)  (633-731)  (654753)  (6.297.8)
128 127 126 127 126 127

H lobi

aemoglobin (/L) 1,5 1350 10134y (120-133)  (122-134)  (130-133)  (121-133)

. 0.48 048 0.49 0.49 0.51 0.49
Haematocrit (LL) (16 050)  (045-050)  (046-0.51)  (046-051)  (049-053)  (0.47-0.52)
MCV (D) 71.03 71.22 72.70 7231 72.47* 73.66*

(68.32-73.74) (68.51-73.93) (69.99-7541) (69.60-75.02) (69.76-75.18) (7.95-76.37)
MCH (0s) 19.24 19.20 19.07 19.05 19.08 19.00
P& (18.61-19.84) (18.57-19.80) (18.44-19.67) (18.42-19.64) (18.45-19.67) (18.37-19.60)
267 264 259 262 257 256
MCHC (g/L
CHC (g/L) (263-272)  (259-269)  (254-264)  (257-266)  (252261)  (252-261)
RDW %) 18.52 18.47 18.69 18.62 18.86 18.90
0

(17.88-19.18) (17.83-19.12) (18.05-19.35) (17.98-19.27) (18.21-19.52) (18.26-19.56)
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250 255 249 253 273 284
9
Platelets (10°/L) (191-327)  (196-332)  (190-326)  (194-330)  (213-349)  (224-360)
PCT ) 0.003 0.003 0.003 0.003 0.003 0.003
(0.002-0.003) (0.002:0.003) (0.002-0.003) (0.002-0.003) (0.002-0.003) (0.002-0.004)
MPY (L) 10.25 1050 1052 10.42 10.08 1024
(9.68-10.81)  (9.93-11.07)  (9.95-11.09)  (9.85-10.99)  (9.51-10.65)  (9.67-10.81)
PDW (%) 43.93 43.61 44.03 43.85 4237 43.07

(42.87-45.00) (42.55-44.68) (42.96-45.09) (42.79-44.92) (41.31-43.43) (42.01-44.14)
MCV (Mean Cell Volume) —average volume of red blood cells (RBC); MCH (Mean Cell Haemoglobin) —average
haemoglobin concentration in RBCs; MCHC (Mean Cell Haemoglobin Concentration) —average haemoglobin
concentration in one litre of RBCs; RDW (Red Blood Cell Distribution Width)—average haemoglobin
concentration in one litre of RBCs; RBC Distribution Width (RDW)—distribution of RBCs by volume; PCT
(Plateletcrit) —volume fraction of platelets per unit of whole blood; MPV (Mean Platelet Volume)—average
volume of platelets in blood; PDW (Platelet Distribution Width) —distribution of platelets by volume. Asterisks

indicate statistically significant differences between control and experimental sample groups (values in the same
row and adjacent column are statistically significantly different * p<0.05). Note: All indicators in the table are

within the physiological range for pigs [36,37].

3.2. Morphometric Indicators of the Size and Shape of Red Blood Cells Depending on the Frequency of 5G
Radiofrequency Electromagnetic Radiation

Table 5 shows the values of various morphometric indicators for the size and shape of sow RBCs,
in the three independent experimental groups (exposed to 5G RF-EMR at frequency of 700 MHz, 2500
MH2z or 3500 MHz) and control groups.

The mean values of the individual morphometric indicators for the size and shape of sow RBCs
differed significantly between control and experimental samples exposed to 5G at a frequency of 700
MHz. Thus, the values of maximum RBC radius and elongation were significantly higher (p<0.05),
while the values of solidity, form factor and roundness were significantly lower (p<0.001) in the
experimental group exposed to 5G at frequency of 700 MHz compared to the control. The mean
values of area, outline, minimum radius, convex area, length and contour index were higher in the
same experimental group, though these differences were not significant (p>0.05) (Table 5).

The mean values of individual morphometric indicators for RBC size and shape differed
significantly between the control and experimental samples exposed to 5G at a frequency of 3500
MHz. A significantly higher value (p<0.001) was recorded for the solidity and form factor, while
outline and contour index were significantly lower (p<0.001) in this group compared to the control.

There were no significant differences (p>0.05) in the morphometric indicators for RBC size and
shape between the control and experimental samples exposed to 5G at a frequency of 2500 MHz.
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Table 5. Morphometric indicators of the size and shape of sow red blood cells. Mean values and 95% confidence
interval of three independent experimental groups (in each group 16 samples were exposed to 5G RF-EMR at
frequency of 700 MHz, 2500 MHz or 3500 MHz) and the control groups.

5G radiofrequency electromagnetic radiation (5G RF-EMR) frequencies

700 MHz 2500 MHz 3500 MHz
Number of sows 16 16 16 16 16 16
Group Control Experimental Control Experimental Control Experimental
Area (um?) 33.44 33.62 33.87 33.83 33.84 33.61
(33.26-33.64)  (33.42-33.82)  (33.67-34.08)  (33.62-34.04)  (33.63-34.06)  (33.39-33.84)
g Outline (um) 23.16 23.36 24.23 24.30 24.45** 24.00**
"é' (23.05-23.27)  (23.25-23.47)  (24.12-24.35)  (24.19-2442) (24.34-24.57)  (23.88-24.12)
% Minimum radius (um) 3.00 2.9 2.96 297 297 2.95
= (2.99-3.01) (2.98-3.00) (2.95-2.97) (2.96-2.98) (2.96-2.98) (2.93-2.96)
:E’ Maximum radius (um) 3.48* 3.50% 3.56 3.55 3.57 3.56
3 (3.46-3.49) (3.49-3.52) (3.55-3.57) (3.54-3.57) (3.55-3.58) (3.54-3.57)
-;é Convex area (um?) 33.83 34.05 34.40 34.37 34.43 34.14
§ (33.62-34.04)  (33.84-34.26)  (34.19-34.61)  (34.15-34.58)  (34.21-34.65)  (33.91-34.37)
o Length (um) 6.82 6.86 6.96 6.94 6.94 6.93
& (6.79-6.84) (6.83-6.88) (6.93-6.98) (6.92-6.97) (6.92-6.97) (6.91-6.96)
. 6.28 6.28 6.27 6.27 6.29 6.25
Width (um) (6.26-6.30) (6.26-6.30) (6.24-6.29) (6.25-6.29) (6.27-6.31) (6.23-6.27)
» Contour index 4.01 4.04 417 418 4.21* 4.15%
2 (4.00-4.03) (4.03-4.05) (4.16-4.18) (4.17-4.19) (4.20-4.22) (4.13-4.16)
Ea .1 0.9884** 0.9875** 0.9848 0.9846 0.9831** 0.9848**
= Solidity (0.9880-0.9887) (0.9872-0.9878) (0.9845-0.9851) (0.9843-0.9850) (0.9828-0.9835) (0.9845-0.9852)
‘g’_‘ Roundness 0.878** 0.870** 0.850 0.853 0.847 0.844
& (0.875-0.880)  (0.868-0.873)  (0.847-0.853)  (0.850-0.855)  (0.844-0.850)  (0.841-0.847)
;‘: Ellipticity 1.09 1.09 1.11 1.11 1.11 1.11
S (1.08-1.09) (1.09-1.10) (1.11-1.12) (1.11-1.11) (1.11-1.11) (1.11-1.12)
§ Eloneation 0.041* 0.044* 0.052 0.051 0.049 0.052
ﬁ 5 (0.039-0.042)  (0.042-0.045)  (0.050-0.053)  (0.049-0.052)  (0.048-0.051)  (0.050-0.053)
M 0.784** 0.775** 0.732 0.729 0.722** 0.740**

Form factor (0.780-0.787)  (0.771-0.778)  (0.729-0.735)  (0.725-0.732)  (0.719-0.726)  (0.736-0.743)

Ellipticity = length / width; Elongation = (length — width)/(length + width); Solidity = area/convex area;

Roundness = (4 x area)/[ 7 x (maximum radius)?]; Form factor = 47 x area/outline?; Contour index = outline/Narea.
Asterisks indicate statistically significant differences between control and experimental groups (values in the

same row and adjacent column are statistically significantly different * p<0.05; ** p<0.001).

3.3. Distribution of Subpopulations of Red Blood Cells in Groups Categorised According to Morphometric
Indicators

When analysing the principal components before grouping sow RBCs, three components
(factors 1, 2 and 3) were retained (A= 1). All three components together explained 94.2% of the
variance in morphometric indicators of sow RBC size and shape (Table 6).

The first factor was RBC size (outline, convex area, area, length, and width), and the most
important value for this factor was the outline. The second and third factors focused on RBC shape
(roundness, form factor, contour index, elongation, ellipticity, and solidity), and the most significant
value for the second factor was roundness, and the most significant value for the third factor was the
contour index (Table 6). The final number of RBC subpopulations was determined based on the value
of the “aligned box criteria”, which revealed that the two subpopulations are the most optimal, as the
“aligned box criteria” value is the highest (Figure 1).

The cluster analysis resulted in two well-defined subpopulations of sow RBCs based on
morphometric indicators of size and shape (Table 7). The first RBC subpopulation (ES 1) consisted of
smaller and mostly circular, solid and compactly shaped RBCs with smoother boundaries (81.1%),
while the second subpopulation (ES 2) consisted of larger RBCs with more irregular boundaries (18.9%).

Figure 2 shows that the experimental group exposed to 5G RF-EMR at 700 MHz had a higher
proportion of RBCs in subpopulation ES2 (17.0% vs. 15.9%) and a lower proportion in subpopulation
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ES1 (83.0% vs. 84.1%), though the differences were not significant (p=0.30). The proportion of
subpopulations ES1 and ES2 of sow RBCs between the control and experimental groups exposed to
5G RF-EMR at 2500 MHz was nearly identical (ES1 = 79.7% vs. 79.6%; ES2 = 20.3% vs. 20.4%). The
experimental group exposed to 5G RF-EMR at 3500 MHz had a higher proportion of RBCs in
subpopulation ES1 (80.5% vs. 79.3%) and a lower proportion in subpopulation ES2 (20.7% vs. 19.5%),
though the differences were not significant (p=0.34).

Table 6. Eigenvalues of individual morphometric size and shape indicators of sow red blood cells (RBC) for the
three principal components (factors) of the principal component analysis. Three factors (1, 2, 3) with a

characteristic root A> 1 were retained —Kaiser’s criterion.

Morphometric size and shape indicators of RBC RBC size RBC shape
Factor 1 Factor 2 Factor 3

Outline (um) *0.95
Convex area (um?) 0.92
Area (um?) 0.90
Length (um) 0.90
Width (um) 0.79
Roundness *0.85
Form factor 0.61
Contour index *-0.64
Elongation -0.84
Ellipticity -0.80
Solidity 0.62
Characteristic root (A) and explained variance (%) 6.33 (48.7) 3.79(29.1) 2.12(164)
Cumulative variance (%) 48.7 77.8 94.2

Ellipticity = length / width; Elongation = (length — width)/(length + width); Solidity = area/convex area; Roundness = (4

x area)/[t x (maximum radius)?]; Form factor = 47t x area/outline?; Contour index = outline/Varea. *Asterisks indicate

the most important value for each factor (only values greater than 0.60 are shown for each factor).

“Aligned box criteria” values

2.5+

°

.
2.0
°
®
1.5 °
°
T T T T T T
3 4 5 6 7 8

NUMBER OF THE SUBPOPULATION

Figure 1. Optimal number of subpopulations based on the highest value of the aligned box criteria.
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Table 7. Red blood cell (RBC) subpopulations based on the most important RBC values for each factor (data are

expressed as mean and standard deviation) in sows.

. RBC size
RBC subpopulations N (%) Outline (um) Convex area (Um?) Area (um?) Length (um) Width (um)
ES1 10,826 (81.1)  23.0+1.93 32.343.62 3194357  6.72+045  6.10+0.41
ES 2 2526 (18.9)  27.5+3.30 41.9+3.54 4124331  7.66:045  6.97+0.34
RBC shape
Roundness Ellipticity Elongation  Solidity = Form factor Contour index
ES1 10,826 (81.1) 0.859+0.066 1.105+0.102 0.048+0.035 0.986+0.006 0.758+0.070  4.08+0.233
ES 2 2526 (18.9)  0.852+0.068 1.101:+0.082 0.046+0.034 0.982+0.012 0.702+0.114  4.28+0.484

Ellipticity = length / width; Elongation = (length — width)/(length + width); Solidity = area/convex area; roundness
= (4 x area)/[rt x (maximum radius)?]; Form factor = 47 x area/outline?; Contour index = outline/\area. ES 1 —smaller

and rounder RBCs, with more regular/smoother boundaries; ES 2 —larger RBCs with more irregular boundaries.

Erythrocyte subpopulation
T esi s esz

100
* .
GROUP Chi square
80

Radiation  Erythrocyte
frequency subpopulation Control Experimental z
Value o z 70
% N % N 2
&
Es1 841 1983 830 1981 £ w0
700MHz g5y 159 375 170 406 105 030 £
=z
TOTAL 1000 2358 1000 2387 g %
Esi 797 1876 796 1793 3
2 40
2500 Mz (pgp 203 478 204 451 001 0.90 8
TOTAL 1000 2354  100.0 2254 8
Es1 793 1715 805 1478 @
3500 MHz ES2 207 448 195 358 o0 034 20
ToTAL 1000 2163 100.0 1836
10

Control Experimental Control Experimental Contral Experimental  GROUP

700 MHz 2500 MHz 3500 MHz RADIATICN FREQUENCY

Figure 2. Proportion of erythrocyte/red blood cell subpopulations of sows between the control and experimental
groups depending on the frequency of 5G radiofrequency electromagnetic radiation (700 MHz, 2500 MHz or
3500 MHz). ES 1—erythrocyte/red blood cell subpopulation with smaller and rounder RBCs, and more
regular/smoother boundaries; ES 2—erythrocyte/red blood cell subpopulation with larger RBCs and more

irregular boundaries.

4. Discussion

This study was conducted to analyse the effect of 5G RF-EMR on RBC morphometry and CBC
values in sow blood exposed in vitro. Exposure of sow blood to 5G RF-EMR at three frequencies (700
MHz, 2500 MHz or 3500 MHz) had an effect on RBC morphometry and only on certain CBC indicators.

In the available literature, there are no data on the effect of 5G RF-EMR on in vitro exposed
human and animal blood samples. The only available data on in vitro exposed human blood samples
with RF-EMR, though with 3G and 4G technology, on haematology indicators are the studies by
Kumari et al. [9] and Christopher et al. [9,10].

In the present study, the values of CBC indicators in sow blood exposed in vitro to 5G RF-EMR
did not change significantly in exposed samples to 700 MHz and 2500 MHz compared to control
samples. However, the values of three CBC indicators changed significantly in blood exposed to 3500
MHz compared to the control, so that the number of RBCs and neutrophils was significantly lower
and the MCV value was significantly higher in the experimental samples. Since the MCV value is
calculated by dividing the haematocrit value by the number of RBCs, i.e., the MCV value, and the
number of RBCs is inversely proportional, the MCV value increased due to the lower number of
RBCs. Similar results were obtained by Kumari et al. [9]. Namely, Kumari et al. [9] found a significant
decrease in the number of RBCs and leukocytes in humans after exposing the blood of volunteers to
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continuous RF-EMR generated by a mobile phone (Dual-band EGSM at a frequency of 900/1800 MHz)
for 1 hour in vitro. However, it should be noted that Kumari et al. [9] exposed human blood samples
to different frequencies of mobile phone technologies (4G) and used different methods.

It is currently difficult to say what the real cause of the decrease in erythrocytes and neutrophils
is, but based on the known facts, it can be assumed that the cause could be oxidative stress or
apoptosis. It is known that in vivo and in vitro exposure to RF-EMR can cause apoptosis of cells with
organelles, which is a possible cause of the decrease in neutrophils [38,39]. On the other side, the
significantly lower number of RBCs and neutrophils in sow blood exposed at 3500 MHz may also be
a consequence of the negative effect of a greater amount of reactive oxygen species (ROS) created by
exposure to RF-EMR and the resulting oxidative stress [23,40-42]. Furthermore, the results of this
study confirm the fact that the effects of RF-EMR on body systems/cells depend on the frequency,
field strength and duration of exposure [11,41-43].

In a meta-analysis of data from studies in which human and animal cells were exposed in vitro
to RF-EMR generated by cell phones, Halgamuge et al. [43] found that exposed human cells,
including blood cells, are less susceptible to the adverse effect of RF-EMR compared to rat cells and
mice. Certain subtypes of cells also show different susceptibility to the negative non-thermal effects
of RF-EMR generated by a cell phone [43]. For example, human spermatozoa and epithelial cells have
been reported to be more sensitive to RF-EMR exposure, while lymphocytes show relatively less
susceptibility [43]. This shows that there is a major difference in sensitivity to the radiation in
question, as well as a difference in sensitivity in the cell subtype. It can therefore be deduced from
this study that some RBCs and neutrophil granulocytes from sows were lysed and therefore were
significantly more sensitive to 5G RF-EMR compared to other blood cells exposed at 3500 MHz.

However, the findings of Christopher et al. [10]are not in line with the results presented here.
Those authors found that exposure of human blood samples for 1 hour to continuous RF-EMR
generated by a 4G cell phone at a frequency of 2300 to 2400 MHz resulted in a significant decrease in
platelet count and increase in the leukocyte count and haemoglobin concentration. In this study,
exposure of pig blood samples to 5G RE-EMF at a frequency of 2500 MHz, an approximate frequency
used by Christopher et al. [10], did not lead to a change in the values of the CBC indicators
investigated. The research results of Christopher et al. [10] who found an increase in the number of
leukocytes and haemoglobin concentration are difficult to explain because leukocytes and RBCs
(which contain haemoglobin, which is released into the plasma during lysis) do not divide under in
vitro conditions, i.e., in the blood, but the reduced number of platelets could be a consequence of the
effect of a greater amount of ROS (oxidative stress) resulting from exposure to RF-EMR, or one of the
harmful mechanisms of action of RF-EMR [10,41,42,44].

In this study, 2-hour in vitro exposure of sow blood to continuous 5G RF-EMR was found to
have an effect on RBC morphometry. In the available literature, there are no data on the effect of RF-
EMR on the RBC morphometric indicators in pigs, and therefore the results of this study are not
comparable. In this study, 5G RF-EMR had an effect on RBC morphometry in in vitro exposed blood,
though this was frequency-dependent. 5G RF-EMR at 700 MHz had the most detrimental effect on
sow RBC morphometry, followed by 3500 MHz, while 2500 MHz had no significant effect. The results
obtained can be interpreted according to the fact that the effects of RF-EMR on body systems/cells
depend on frequency and other factors [11,45-47]. In this study, exposure of sow blood to 5G REF-
EMR at 700 MHz led to a significant increase in RBC membrane roughness and a significant change
in RBC shape, particularly in elongation, and the effect of 5G RF-EMR at 3500 MHz was manifested
in significantly less membrane roughness and a significantly smaller RBC size. Cell membrane
roughness is an indicator of the “healthy state” of the cell. It has been proven that changes in lipid
composition and asymmetry of the phospholipid bilayer influence RBC shape and cell deformability.
Changes in the cytoskeletal proteins that link the phospholipid bilayer and the spectrin network
particularly influence the integrity of the RBC membrane. Changes in the shape, mechanical
properties or integrity of RBCs have serious effects on cell functionality, regardless of whether they
are caused by environmental influences, heredity or disease. The integrity of the cytoskeleton,
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measured as surface folds, correlates with the functional status of the cell [48,49]. The significantly
elongated and irregularly bordered RBCs observed in sows after exposure to 5G RF-EMR at 700 MHz
in this study can be compared to similar changes in RBC seen in individuals with type II diabetes and
hypercholesterolemia [48,50,51]. This suggests a significant difference in the properties of blood cells
between species, particularly under specific disease conditions, as seen here with humans and pigs.

The presence of RBC subpopulations in sows based on their morphometric indicators was also
determined in this study after in vitro exposure of blood to 5G RE-EMR at all investigated frequencies
using the same statistical methods (computer image analysis based on RBC morphometry and
multivariate statistical methods, including principal component analysis and cluster analysis) as in
the study by [28]. Namely, 5G RF-EMR of all investigated frequencies had no effect on the proportion
of obtained subpopulations of RBCs in in vitro exposed sow blood.

In this study the results obtained by morphometry can be related to one of the mechanisms of
cell death such as necrosis, apoptosis, autophagy induced by RF-EMR [20] or eryptosis (apoptosis-
like changes) due to external or internal factors [50].

Accordingly, it appears that exposure of sow RBCs to 5G RF-EMR at 3500 MHz was manifested
with significantly less RBC membrane roughness and a significantly smaller RBC size as a result of a
process similar to apoptosis/programmed cell death, which was reflected also in the significantly
lower number of RBCs in exposed sow blood at the same frequency band.

5. Conclusions

Exposure of sow blood to 5G RF-EMR at a frequency of 3500 MHz only affects a change in the
values of certain parameters of the CBC. The effect of 5G RF-EMR exposure on the morphometry of
sow RBCs in in vitro exposed blood was frequency-dependent. The most detrimental effect on sow RBC
morphometry was observed after exposure to 5G RE-EMR at 700 MHz, which resulted in the significant
elongation and irregular borders of RBCs. Based on the results, it can be concluded that in vitro
exposure of blood to 5G RF-EMR, especially at 700 MHz, may increase membrane roughness and RBC
membrane permeability, cause significant changes in sow RBC shape, which warrants further study.
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