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Improved protection against methylglyoxal and re-programming of energy
metabolism as novel features of the proliferative response of human
neuroblastoma cells to 50 Hz magnetic field
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Summary — A continuous exposure to a 50 Hz, 1 mT extremely
low frequency magnetic fields (ELF-MF) induced a time-
dependent perturbation in cellular biology in human
neuroblastoma cells, and promoted conditions commonly
associated with more malignant phenotypes and probable
chemoresistance.

I. INTRODUCTION

Extremely low frequency magnetic fields (ELF-MFs) are
currently classified as “possibly carcinogenic to humans” (1).
Human neuroblastoma cells chronically exposed ELF-MF
undergo a cytoproliferative response and express new proteins
likely linked to enhanced antioxidant defense and
undifferentiated status (2). By overexpressing the glyoxalase

system, tumors are well protected against methylglyoxal (MG),

a dicarbonyl compound mainly produced by glycolysis, the
main energy source on which cancer cells rely (3). MG is
cytotoxic through the promotion of dicarbonyl and oxidative
stress (4, 5). So far, ELF-MF-induced changes in energy
metabolism and in cellular defense towards MG are still
unknown. We investigated whether the strong proliferative
response induced by ELF-MF on neuro-derived SH-SYSY
cells could be linked to re-programming of cellular
metabolism and changes in the activity of detoxification
systems against MG.

II. MATERIALS AND METHODS

The sinusoidal S0Hz, ImT ELF-MF was generated through
a copper-wired solenoid (2, 6). Cells were cultured and
processed for viable cell counting as described previously (2).
The concentration of exogenous MG (400uM) was chosen
following concentration-response curves. Lipid peroxidation
and GSH were measured photometrically (7, 8), enzymatic
activities were measured spectrophotometrically (9-16), arg-
pyrimidine, pCREB, pERK1/2 and b(Ill)-tubulin were
measured through immunoblotting (17-19). ANOVA and
appropriate post-hoc tests were used for inferential statistics
(*P<0.05, **P<0.01, ***P<0.001 vs time-matched controls).

III. RESULTS & DISCUSSION

The early cytoproliferative response (not shown, see Falone
et al., 2011) and the reduced level of neuron-specific marker
(Fig. 1) indicated a less differentiated phenotype induced by
ELF-MF. The early proliferation was linked to the activation
of the CREB/ERK-related pathway (Fig. 2), as suggested by
others (20). However, CREB-ERK resulted not activated after
10 and 15 days of exposure, thus suggesting that other
pathways are involved in sustaining the cytoproliferative
response to longer exposures to ELF-MF (fig. 2).
We showed for the first time that the MF-induced proliferative
effect in SH-SYS5Y cells was followed by energy balance re-

programming. After an initial activation of the glycolytic
pathway and a depression of mitochondrial aerobic activity (5
days), a decreased glycolytic flux and a near-significant
increase of the mitochondrial pathway activity were revealed
after 15-day exposure (Fig. 3), and this shift was confirmed by
the analysis of the protein levels of peroxisome proliferator-
activated receptor-gamma coactivator-lalpha (PGC-1a) (Fig.
4). We also found that after an initial pro-oxidant effect, the
ELF-MF treatment increased the amount of reduced GSH (Fig.
6), though not through an activation of GSSG recycling
pathway (not shown). Moreover, the long-term ELF-MF
exposure reduced the lipid peroxidative damage (-40% vs.
CTR, Fig. 5) and increased catalase- and glutathione
peroxidase-based antioxidant activities (not shown), thus
confirming our previous findings (2). In chronically-exposed
cells we observed increased MG-targeting detoxification
capacities, along with improved removal of MG precursors
and reduced MG-related protein damage; coherently, cells
exposed to MF for 15 days resulted much more resistant
against toxic concentrations of exogenous MG (Fig. 6).
However, 5-day ELF-MF treated cells exhibited increased
MG-related damage, reduced MG scavenging efficiency and
more vulnerability towards MG cytotoxicity (Fig. 6).
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Fig. 1 Differentiative status of SH-SY5Y cells exposed to ELF-MF
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Fig. 2 Immunolocalization (left) and Western blots (right) of pERK1/2 and
pCREB in SH-SYSY cells exposed to ELF-MF for 5 days
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Fig. 3 Glycolytic (PFK, phosphofructokinase) and mitochondrial (CS, citrate
synthase) activities in SH-SY5Y cells exposed to ELF-MF
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Fig. 4 Mitochondrial biogenesis in SH-SYSY cells exposed to ELF-MF
(PGC-1a, peroxisome proliferator-activated receptor-gamma coactivator-1o)
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Fig. 5 Lipid peroxidative damage (left) and glutathione redox balance (right)
in SH-SYS5Y cells exposed to ELF-MF (MDA, malondialdehyde; GSH,
reduced glutathione; GSSG, oxidized glutathione).

IV. CONCLUSIONS

A 15-day exposure of SH-SY5Y cells to SOHz, ImT ELF-
MF promoted a complex perturbation in cellular biology,
leading to conditions commonly associated with more
malignant phenotypes and chemoresistance. Interestingly, this
response was time-dependent, being achieved after an early
pro-oxidant imbalance, increased glycolytic flux, higher
molecular damage and lower resistance against MG.
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Fig. 6 Removal activity of MG (upper, right) and glycolytic precursors of MG
(upper, left). MG-dependent protein damage (lower, left) and cell survival
after 24h incubation with toxic concentration of exogenous MG (lower, right).
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Summary—A low frequency electromagnetic field (LF-EMF)
scheme was developed to increase the clearance capability of
neurotoxic Ap amyloid peptides in vitro. Specifically, LF-EMF
activates endogenous autophagic pro-survival effects resulting in
the autophagosome engulfment of the toxic protein aggregates.
These results might address novel therapeutic strategies for
neurodegenerative diseases.

I. INTRODUCTION

Epidemiological studies have shown a correlation
between LF-EMF exposure and an increased risk to
develop several diseases, including tumors and
neurodegenerative disorders [1]. However, EMF
can also elicit positive effects on biological systems;
certain types of EMF are indeed currently employed
in clinical practice to treat different dysfunctions.
For instance, a pioneering field of research in
Alzheimer’s disease (AD) is the deep brain
stimulation via EMF, which seems to produce
clinical benefits in AD patients [2]. Autophagy is a
multi-step lysosomal degradation process able to
maintain cellular homeostasis through the digestion
of long-lived proteins and damaged organelles [3].
The process of autophagy involves the formation of
double membrane vesicles (autophagosomes) that
engulf organelles and cytoplasm, and finally fuse
with the lysosome to form the autolysosomes,
where the contents are degraded. Defects in
autophagosome formation and loss of basal
autophagy may be implicated as a cause of
neurodegeneration [4], while an increased
autophagic activity may help to clear Kkey
aggregated proteins involved in neurodegenerative
pathologies. There is also mounting evidence that if
the autophagosome-lysosomal degradation is
impaired, this could disturb the processing of APP
and participate to the development of AD pathology

[5].

In this context, we have recently reported the
effect of a pulsed LF-EMF (frequency of 75 Hz,
magnetic field intensity equal to 2 mT, pulse
duration of 1.3 ms) exposure scheme on a specific
microRNA sequence that in turn regulates the
expression of an autophagy-regulatory gene, finally
inducing the activation of the autophagy process in
human neuroblastoma cells [6].

Il. METHODS

A. Cell culture, autophagy and AP-—amyloid
visualization

Human neuroblastoma SH-SY5Y cells (ATCC)
were grown in DMEM High glucose medium at
37°C, 5% CO,. The cultured cells were subjected to
LF-EMF by placing the appropriate multiwell
plates or petri dishes within the electromagnetic
bioreactor and exposing the cells to the below
described stimulus. For autophagy evaluations in
living cells, SH-SY5Y cells were transduced with
BacMam LC3B-GFP expressing viral vector as
described [6] or alternatively visualized using
acridine orange staining (1 uM for 15 min.). To
evaluate LF-EMF effects in counteracting ABi-42
amyloid mediated toxicity, the peptides (1 uM,
Sigma-Aldrich), were added to SH-SY5Y cells
before the LF-EMF treatments. Autofluorescent
APB1.4> Opeptides were visualized by inverted
microscope at 330 nm and LC3B-GFP at 480 nm
excitations, respectively in living cells.

B. Electromagnetic bioreactor

The pulse generator used was provided by Igea
(Carpi, Italy) and powered the electromagnetic
bioreactor previously described [7] with the
following parameters: intensity of the magnetic
field (2+0.2 mT), amplitude of the induced electric


mailto:salvatore.caorsi@unipv.it

tension (5+1 mV), signal frequency (75+2 Hz), and
pulse duration (1.3 ms). The experiments were
performed with 1 hour LF-EMF duration and
different recovery post-treatment (p.t.) times were
investigated. Control cultures were placed into an
identical incubator in the absence of LF-EMF
stimulation.

I1l. RESULTS AND DISCUSSION

As recently reported [6] and additionally
illustrated in Figure 1, SHSY-5Y cells exposed to
LF-EMF for 1 hour, exhibited a significant increase
in autophagic vesicles, without negative effects on
their viability rates. We therefore assayed these
cells to endogenous AB-amyloid peptides (i.e. ABi-
42 at 1 uM) using a concentration that not directly
induce irreversible damages or cell death.

As an initial approach we incubated cells directly
with non-fluorescent ABi.4, peptides, and exposed
or not- to the specific LF-EMF scheme. After
additional 24 hours p.t., as reported in Figure 2,
autofluorescent peptides were visible as discrete
cytoplasmic and perinuclear spots, without showing
difference in distribution between LF-EMF treated
and untreated cells. To better localize these
intracellular aggregates, cells were again exposed or
not- to the specific LF-EMF scheme and transduced
with a baculovirus vector (BacMam) expressing the
LC3B-GFP autophagic marker. As a result, a
significant  degree  of  co-localization  of
autofluorescent Ap;4, aggregate peptides and
autophagic vescicles was scored in LF-EMF treated
cells compared to untreated ones (Figure 3).

In conclusion, these results highlighted that a
specific LF-EMF scheme can significantly increase
the intracellular content of autophagic vesicles
without affecting their viability and that these
vesicles can contribute to the clearance of ApB-
amyloid peptides, thus suggesting a potential novel
therapeutic strategies within neurodegenerative
diseases like Alzheimer’s.

Fig. 1 Fluorescent microscope evaluation of autophagic vescicles in SHSY-
5Y living cells using acridine orange staining after LF-EMF 1 hour exposition
(left) or by incubation with the autophagic inducer Rapamycyn (1 mM) (right).
Cells were observed at 24 hours p.t.; acidic vesicles are stained in red, while
not-acidic ones in yellow.

Fig. 2 AB1.42 autofluorescent visualization in untreated SHSY-5Y cells (left),
cells incubated with AB1.4; (1 uM) and exposed to LF-EMF for 1 hour (center)
and cells incubated with ABi.s2 (1 pM) but not exposed to LF-EMF. Cells
were observed at 24 hours p.t

Fig. 3 ABi.4> autofluorescent visualization in untreated (a) or after 1 hour LF-
EMF treatment (c) SHSY-5Y cells both incubated with ABi..; (1 uM). (b) and
(d) are corresponding fluorescent panels of cells transduced with BacMam
LC3-GFP. Asterisks with different colors indicated co-localized AB;.,,-LC3B
autophagosome signals, mostly scored after LF-EMF exposition. Cells were
observed at 24 hours p.t.
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Summary— We investigated the effects of short and repeated
pulsed electromagnetic fields (PEMF; magnetic field intensity 2
mT, frequency 75 Hz) on SK-N-BE neuronal cells. The results
show that PEMF stimulation elevated the MnSOD activity, thus
counteracting the effects of a H,O,-based pro-oxidant challenge.

1. INTRODUCTION

Extremely low frequency electromagnetic fields (ELF-EMF,
1-300 Hz) emitted by domestic and industrial appliances are
widespread worldwide. To this regard, some epidemiological
and occupational studies have shown a correlation between
ELF-EMFs exposure and an increased risk of developing
some diseases, including tumors (e.g. leukemia) [1] or
neurodegenerative disorders such as Alzheimer’s disease (AD)
[2]. Specifically, PEMF (Pulsed Electromagnetic Fields)
stimulation has been employed in bone repair and
regeneration [3], and in the treatment of different types of pain
[4]. In general, it can be stated that ELF-EMF-induced effects
can be either cytotoxic or cytoprotective in a time- and dose-
dependent way [5,6]. In addition, biological responses elicited
by EMF can be function of the responsiveness of the cell type,
tissue or organism investigated [7]. The cytoprotection might
be induced by a kind of “hormetic effect”, in which low doses
of otherwise adverse chemical/physical stimuli improve the
“functional ability” of cells and tissues to face noxae. To this
regard, based on the concept that the hormetic effect may
implicate the strengthening of the molecular responses
towards stress, it has been proposed the use of ELF-EMF as a
possible therapy against neurodegenerative disorders, such as
AD, as documented by the delay of the cellular senescence
associated with an increased expression of heat shock proteins
[8]. Here we demonstrated that in a human neuroblastoma cell
line (SK-N-BE) a repeated stimulation with non-toxic short
PEMF (magnetic field intensity 2 mT, frequency 75 Hz)
positively affects the cellular response against a pro-oxidant
chemical insult such as H,O,. H,0, challenge determines a
reduction in intracellular reactive oxygen species (ROS)

production in PEMF-treated neuroblastoma cells, and an
increase of MnSOD activity.

II. MATERIALS AND METHODS

A. Cell cultures

SK-N-BE human neuroblastoma cells were grown in
Eagle’s minimum essential medium (MEM), supplemented
with 10% fetal bovine serum, 1% penicillin-streptomycin, L-
glutamine (2 mM), non-essential amino acids (1 mM), and
sodium-pyruvate (1 mM), at 37°C in an atmosphere of 5%
CO; and 95% humidity.
B. Electromagnetic bioreactor and cell treatments

An electromagnetic bioreactor was built as previously
described [9]. The electromagnetic bioreactor applied to the
cells a PEMF with the following characteristics: intensity of
the magnetic field equal to 2 + 0.2 mT, amplitude of the
induced electric tension equal to 5 = 1 mV, signal frequency
of 75 + 2 Hz, and pulse duration of about 1.3 ms. The cultured
cells were subjected to PEMF for 72 h, 30 min, 15 min
exposure and they underwent a total of 3 treatments over 5
days. The control cultures were placed into a different
incubator in the absence of PEMF stimulation. 24 h after the
last PEMF stimulation, exposed and not-exposed cells were
treated with 1 mM H,0, (Sigma-Aldrich) for 10 or 30 min.
C. MTT assay
Mitochondrial function was estimated by using the MTT [3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide]
assay (Sigma-Aldrich), as previously described [9].
Absorbance values were measured at 595 nm in a microplate
reader (model 550; Bio-Rad Laboratories) and results
expressed as absorbancex10°.
D. Detection of reactive oxygen species
ROS formation was measured by using the fluorescent probe
2’,7’-dichlorofluorescein  diacetate (DCFH-DA; VWR
International PBI) which forms 2’,7’-dichlorofluorescein
(DCF) when oxidized by ROS. Briefly, SK-N-BE cells were
seeded and after H,O, treatment cells were loaded with 10 pM



DCFH-DA and placed in the incubator for 30 min. At the end
of the incubation, the fluorescent intensity was measured with
SpectraMax Gemini XS spectrofluorometer (excitation 485
nm, emission 530 nm) (Molecular Devices). Data were
expressed as a percentage with reference to the control.
E. Tissue homogenates preparation for superoxide dismutase
activity
Control and treated SK-N-BE cells were harvested and
suspended in 0.1 M phosphate buffer containing 0.1% (v/v)
Triton X-100. The cell suspension was used for
spectrophotometrical measurement of enzymatic activity and
protein content to study the activity of the total superoxide
dismutase (SOD) (EC 1.15.1.1) and to discriminate between
the copper—zinc (SODI1) and the manganese-containing
(SOD2) superoxide dismutase enzyme activities, as previously
described [10].
F. Statistics
Datasets were analyzed by the analysis of variance (ANOVA)
followed by appropriate post-hoc test. Differences were
considered statistically significant when p<0.05.

II. RESULTS AND DISCUSSION

PEMF pre-treatment of SK-N-BE cells stimulated MnSOD
activity and counteracted H,0,-induced ROS production

A 72 h exposure to PEMF significantly decreased the
mitochondrial function in SK-N-BE cells (-17%; p<0.0001).
SK-N-BE cells were exposed to short PEMF stimuli for 1 h,
30 or 15 min, repeated 3 times over a period of 5 days (for a

total of 3 h, 90 min or 45 min PEMF stimulation, respectively).

5 days 24n
= e Figure 1: Scheme of the
experimental protocol in
SK-N-BE cells, where
PEMF  ftreatment was

| followed by a 1 mM H,O,
N / challenge of 10 and 30

min.
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Since the 15 min exposure did not cause any change in
mitochondrial activity, this experimental protocol was adopted
for all the subsequent experiments. In order to assess whether
the PEMF pre-exposure was able to modify the cellular
response to H,O,, 24 h after the last PEMF exposure SK-N-
BE cells were treated with 1 mM H,0, for 10 or 30 min. In
cells not exposed to PEMF, 10 and 30 min H,O, treatments
cause a small but significant decrease in mitochondrial
activity; interestingly, this parameter was not affected in cells
pre-exposed to PEMF, neither after H,O, exposure (data not
shown).
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Figure 2: (A) ROS production expressed as mean + SEM. Values indicate fluorescence
intensity as a percentage over control (100%). (n=18). (B) Mean + SEM of MnSOD
activity expressed as MnSOD activity index. *p<0.05, , ***p<0.0001, Dunnett Multiple
Comparisons test (n=3).

In non-exposed cells, the 10-min H,O, stimulus increased
ROS production, which was instead decreased 30 min after
the oxidative challenge. In parallel, MnSOD activity was
found significantly decreased following 10 min of H,O, and
increased after 30 min H,O, treatment (Fig. 2). It is
presumable that cells respond to the 30 min oxidative
challenge by increasing MnSOD protein activity, thus
restoring ROS basal levels. Interestingly, PEMF-treated cells
showed higher MnSOD basal activity when compared to non-
exposed cells, and this enzymatic activity further increased
after 10 and 30 min exposure with H,O,. SK-N-BE cells pre-
treated with the PEMF showed unchanged ROS basal levels
when compared to non-exposed cells. Moreover, the H,0,
treatment did not cause significant changes in ROS production
in PEMF pre-exposed cells, although a trend in ROS reduction
was detected (Fig. 2).

Our findings suggest that a repeated PEMF pre-exposure
(for a total of 45 min) could be beneficial for SK-N-BE
neuroblastoma cells, in which a cytoprotective response was
observed; indeed, they respond by increasing MnSOD activity
to counteract ROS production. The described effects could be
indicative of a possible hormetic use of PEMF stimulation to
improve the functional ability of neuroblastoma cells and
protecting the cells from a noxious agent.
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Summary— PEMFs have a stimulatory role in osteogenesis of
human mesenchymal stem cells derived from bone marrow and
adipose tissue, independently from the presence of bone
morphogenetic protein-2. PEMFs may be considered a tool to
improve autologous cell-based regeneration of bone defects in
orthopedics.

I. INTRODUCTION

Mesenchymal stem cells (MSCs) derived from different
sources like bone marrow and adipose tissue have been
extensively used in the research field of bone cell therapy and
tissue engineering. Although bone marrow is considered as an
enriched source of MSCs, the isolation procedure is invasive
for donors and patients. For this reason, the identification of
multipotent precursor cells from human liposuction aspirates,
known as adipose derived mesenchymal stem cells (ASCs)
has stimulated a growing interest in adult stem cells research.
Compared with stem cells isolated from bone marrow
(BMSCs), ASCs are easier to obtain, available in larger
amount and proliferate rapidly, providing an attractive cell
source for clinical application. Studies comparing the
differentiation capacity of BMSCs and ASCs have found that
both cell types can differentiate into ostegenic lineage,
although ASCs showed a less osteogenic differentiation
potential than BMSCs [1].

Several in vitro, in vivo and clinical studies have shown
that biophysical stimulation with pulsed electromagnetic fields
(PEMFs) plays a regulatory role of connective tissue,
particularly bone, cartilage, synovia by stimulating cell
proliferation, extracellular matrix production, and inhibiting
inflammatory activities [2]. In vitro studies have indicated that
PEMFs may stimulate osteoblast proliferation, matrix organic
component production and mineralization. Furthermore,
PEMFs can influence the behaviour of BMSCs, particularly
their differentiation into the osteogenic lineage [3]. The effect
of PEMFs on ASCs osteogenic differentiation has been only
recently investigated and it has been found that the expression
of osteogenic markers was enhanced by PEMF treatment [4].
Bone morphogenetic protein (BMP)-2, belonging to TGF-f
superfamily, strongly promote osteoblast differentiation.
Notably, it has been reported that BMP-2 exerts a synergistic
action with PEMFs to induce osteogenic differentiation in
BMSCs [3].

The aim of our study was to evaluate whether biophysical
stimulation with PEMFs may favor osteogenic differentiation
both in BMSCs and also in ASCs and to compare the role of
PEMFs alone and in combination with BMP-2. To this
purpose, we analysed at different time points (3, 7, 11, 14, 21

and 28 days) the role of PEMFs on ALP activity, osteocalcin
levels and matrix mineralization, that are considered
respectively early and later osteogenic markers.

II. MATERIALS AND METHODS
A. Cell Cultures

Human BMSCs were purchased from Lonza (Walkersville,
MD, USA). Adipose tissue was obtained by liposuction from
abdominal subcutaneous fat of healthy donors after written
consent and Institutional Review Board approval. Adipose
tissue was digested with collagenase I (Sigma Aldrich, St.
Louis, MO,USA), and plated in dishes in mesencult medium
(StemCell Technologies, Vancouver, Canada). Expression of
typical mesenchymal markers (CD14, CD29, CD34, CD44,
CD45, CD73, CD90 and CD105) was verified on cultures at
third passage on ASCs by flow cytometry analysis.

BMSCs and ASCs at third passage were seeded at an initial
density of 2.5 x10° cells/cm? in 4-well plates (Nunc, Roskilde,
Denmark) and were cultured for 28 days in 1ml of appropriate
culture medium in the following treatment groups:

« Control: cells were cultured in expansion media to
obtain undifferentiated control cells (data not shown);
« Osteogenic Medium (OM): cells were cultured in OM
to induce osteogenic differentiation;
« BMP-2: cells were cultured in OM in the presence of 50
ng/ml BMP-2.
All medium were from Lonza. BMP-2 was from PeproTech,
London, UK.

B. Characteristics of PEMF and exposure conditions

The PEMF generator system consisted of a pair of circular
Helmoltz coils of copper wire, placed opposite to each other,
and in a signal generator (IGEA S.p.a., Carpi, Italy). The cell
plates were placed between the pair of Helmoltz coils. The
power generator produced a pulsed signal with pulse duration
of 1.3 ms and frequency of 75 Hz, yielding a duty cycle of
1/10. The peak value of the magnetic field was 1.5 mT. The
shape of the induced electric field and its impulse length were
kept constant. In PEMF exposed cells, the PEMF exposure
was maintained for the whole differentiation time (28 days).

C. Osteogenic markers
The alkaline phosphatase (ALP) activity was determined on
cellular lysates in the presence of p-nitrophenylphosphate (p-
NP) (Sigma). The reaction was stopped with 0.2 M NaOH and
the absorbance of each sample was read at 405 nm with a



Spectrophotometer. ALP activity was then normalized to total
DNA content and was expressed as nanomolar of p-
NP/min/pg DNA.

Osteocalcin (OC) was analyzed using commercial ELISA
kit (Invitrogen, Rockville, MD, USA). OC levels were
expressed as ng ostocalcin/ug DNA.

Matrix mineralization was visualized by staining cultures,
fixed in 70% cold ethanol, with 2% Alizarin red (Sigma)
solution (pH 4.1-4.3).

D. Statistical Analysis

All experiments (n=4) were performed in triplicate. The
results obtained in the different experimental conditions (in
the presence or in the absence of PEMF exposure) in the three
groups of cells (Control, OM and BMP-2) were compared
through Kruskal-Wallis test.

III. RESULTS

In BMSCs, PEMFs treatment appeared to stimulate earlier
the increase of ALP activity in the absence and in the presence
of BMP-2 (Fig. 1).
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Figure 1. Alkaline phosphatase activity in BMSCs.
Similarly, in ASCs grown in OM alone, although ALP levels
were lower than those obtained in BMSCs, PEMFs exposure
significantly increased ALP activity with respect to unexposed
ASCs. In the presence of BMP-2 in the OM, PEMF exposure
further significantly increased the ALP.

The later osteogenic marker OC significantly increased
after day 14 in culture. PEMF exposure significantly enhanced
the OC levels of 3.8-fold at day 21 and 5.2-fold at day 28 (Fig.
2) compared with PEMF-unexposed BMSCs. The stimulatory
effect of PEMFs was further raised by BMP-2 (Fig. 2).
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Figure 2. Osteocalcin levels in BMSCs.
In ASCs, PEMFs enhanced the OC levels of 7.7-fold at day

21 and 3.7-fold at day 28, thus anticipating of 7 days the OC
production respect to the PEMF-unexposed cells. The addition

of BMP-2 in OM did not further increase the OC
induced by PEMFs in ASCs.
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Also the accumulation of calcium deposits was more
consistent in PEMFs exposed BMSCs, both in the absence and
in the presence of BMP-2, compared to unexposed cells.
Although to a lesser extent respect to BMSCs, also in ASCs
matrix mineralization was observed at day 28 with increased
calcium deposition in PEMFs exposed ASCs, regardless of the
supplementation with BMP-2 in OM.

BMSCs

Control

PEMF

Figure 5. Matrix mineralization in BMSCs and ASCs.

IV. CONCLUSIONS

PEMEFs favor in vitro osteogenic differentiation in BMSCs
and ASCs. The enhancement induced by PEMFs on ALP
activity, OC levels and matrix mineralization suggested a
PEMF role in early and in later phases of osteogenic
differentiation. Notably, the effects of PEMFs were evident
not only in BMSCs but also in ASCs. In BMSCs, the PEMF
effect was further increased by BMP-2, whilst in ASCs we
found a stimulatory effect of PEMFs on the osteogenesis
regardless the BMP-2 treatment. These results suggest PEMFs
as a possible tool to improve autologous cell-based
regeneration of bone defects.
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Abstract- We evaluated the effects of a magnetic field (MF)
exposure system (75 Hz, 1.5 mT), on human osteosarcoma cells
(8a0S-2) cultured in presence or in absence of three-dimensional
collagen scaffolds. In both experimental conditions, we found our
physical stimulus capable to increase the activity of alkaline
phosphatase (ALP), a typical marker of bone regeneration, with no
effect on cell vitality.

I. INTRODUCTION

Pulsed electromagnetic fields (PEMFs) have been shown
to positively affect osteogenic processes [1-4]. Several works
report the ability of PEMFs to affect proliferation and
differentiation of bone cells in vitro, to increase the expression
of bone marker genes and to induce bone mineralization
processes [5-7]. During the last years, biomedical research is
giving special interest to the development of biocompatible
scaffolds to improve bone surgery. In particular, in the three-
dimensional structure of these materials, cells can proliferate,
differentiate and release bone extracellular matrix, promoting
new tissue generation [8-9]. Alkaline phosphatase (ALP)
activity is considered as a marker typically associated to
osteogenesis and bone tissue regeneration [10]. Therefore it is
usually used to investigate the development of these
processes. In this study, we evaluated the effects of a
magnetic field (MF) exposure system (75 Hz, 1.5 mT),
currently used for the therapeutic treatment of bone injuries to
increase tissue regeneration, on a human osteosarcoma cell
line (Sa0S-2). Cells were exposed to our physical stimulus for
1h in presence or in absence of collagen scaffolds imitating
bone tissue organization and, subsequently, cell proliferation
and alkaline phosphatase activity were measured 0, 4 and 24
hours after the exposure.

II. METHODOLOGY
A. 3D Scaffolds

Collagen scaffolds employed for our investigation were
kindly provided by Finceramica (Faenza, Italy). Scaffolds
were produced by a process integrating an organic compound
(collagen type I) with bio-active hydroxyapatite nano-crystals
with magnesium salts.

B. Magnetic field exposure system and exposure
conditions

Sa0S-2 cells, attached to the cell culture multiwell (24
wells) or bone scaffold surface and/or loaded into the 3D
scaffold structure, were exposed to the magnetic field (75 Hz,
1.5 mT) produced by a device kindly provided by IGEA
(Carpi, Italy), for 1h at room temperature. MTT and ALP
activity assays were performed 0, 4 and 24 hours after the
exposure.

C. MTT and ALP activity assays

The methyl thiazolyl blue tetrazolium (MTT)
spectrophotometric dye assay was used to detect cell
proliferation ability. Cells were incubated for 2h in ImL MTT
(1mg/mL) at 37°C. Colour was developed by incubating cells
in 800 puLL dimethyl sulfoxide, and absorbance was detected at
490 nm wave length. The ALP activity assay was performed
by a colorimetric reaction. Cells were incubated in a lysis
solution containing 0.1% Triton-X 100, 50 mM citric acid (pH
5.5), and 5 mM p-nitrophenyl phosphate (p-NPP), for 45 min
at 37°C. During this time, ALP enzyme catalyses the
hydrolysis of p-NPP into p-nitrophenol (p-NP). The reaction
was stopped with 1 M NaOH and the p-NP production,
proportional to the amount of enzyme activity, was evaluated
by measuring absorbance at 405 nm wave length.

III. RESULTS AND DISCUSSION

To evaluate cell survival and proliferation on or within
collagen scaffolds, we carried out an MTT assay. The
measured absorbance resulted proportional to the number of
seeded cells and to the time of cell culture (not shown).
Results showed that used cells were able to colonize scaffolds
and proliferated within their spaces.

Afterwards, we treated cells, both in presence or in
absence of scaffolds, with the physical stimulus produced by
our MF exposure system for lh and we found that our
magnetic stimulation was able to induce significant increases
of alkaline phosphatase activity particularly 4 and 24 hours
after the exposure (Fig. 1). The increases are even larger in
presence of the collagen scaffolds. In all cases, MFs did not
affect cell proliferation values determined by MTT assay (not
shown).
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Figure 2. Alkaline phosphatase activity of SaOS-2 cells cultured in
absence (A) or in presence of bone scaffolds (B) 0, 4 and 24 h after | h MFs
exposure.

These data allow to consider MF exposure as a procedure
to increase osteogenesis, as alkaline phosphatase activity is a
typical marker of these processes [10]. In addition, since the
higher increases of ALP activity were obtained in presence of
scaffolds, MF exposure seems to be particularly effective in
this condition. Therefore a perspective application of this
treatment can be hypothesized to maximize bone regeneration
when these biomaterials have to be used within surgery.
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Summary — The effect of Magnetic Resonance Imaging (MRI)
exposure to cancer patients with CisPlatin (CP) regimen needs to
be elucidated. Thus, we designed a system producing SMF
induction comparable to MRI for exposure of SH-SY5Y cells
treated with CP. The protective role of 31.7-232.0 mT SMF for
healthy tissues in which low CP concentrations diffuse is
reported.

I. INTRODUCTION

Studies concerning the biological effects of Static Magnetic
Field (SMF)-exposure highlight detrimental as well as
beneficial effects [1-2]. Nevertheless, the use of permanent
magnets for therapeutic purposes encouraged by basic science
publications is increasing. Magnetotherapy provides a non-
invasive, safe, and easy method to directly treat the site of
injury, the source of pain and inflammation, and other types of
disease [2-3]. Interestingly, it is recently emerging that one of
the methods providing a new strategy for the effective
treatment of cancer is the combinatorial effect of SMF
exposure and drugs [4-5]. However, this combinatorial effect
still needs an exhaustive investigation.

Cancer patients are often subjected to MRI and this happens
most of the times during chemotherapeutic regimen. MRI
diagnosis requires 3 different types of magnetic fields, and the
By component is static. Some studies have suggested that a
homogenous moderate SMF of 8.8 mT produced by a solenoid
can enhance the killing potency of CP on human leukemic
cells K562 [4].

Taking into account what said above, the aim of the present
work is the study of the possible synergism or antagonism
between SMF and CP, in term of efficiency of cell death on
neuroblastoma SH-SYSY cells. The cells were simultaneously
treated with 0.1 uM CP and an inhomogeneous SMF with a
magnetic induction ranged between 31.7 and 232.0 mT for up

to 24h.

II. MATERIALS AND METHODS

SMF was produced by three magnetic parallelepipeds of
NdFeB, sized 50.8 x 50.8 x 25.4 mm, coated with Ni, grade
N40, Br 1260-1290 mT and supplied by Webcraft GmbH
(Uster, Switzerland). These magnets were kept together by
attraction in a structure made of six shelves of plexiglass
plates to obtain two separate SMF exposure chambers, for the
simultaneous exposure of two cell culture flasks of 25 cm®.
Magnetic field inductions were measured by using a
Gaussmeter GM04 (Hirst Magnetic Instruments Ltd, Tesla
House, Tregoniggie, Falmouth, Cornwall, UK), operating at

the sensitivity range of 0-to more than 3T, 1 mT of resolution
and £1% of accuracy. Fig. 1 represents the exposure system
and the allocation of the culture flasks.

9.9 = shelves where the culture
flasks are placed
M = magnet

Fig. 1 Picture (left) and schematic representation (right), not in scale, showing
the locations where the magnets and the culture flasks placed within the SMF
exposure system.

Human adrenergic neuroblastoma cell line SH-SY5Y (10°
cells/ml) in Dulbecco’s Modified Eagles Medium,
supplemented with 10% (v/v) inactivated Fetal Calf Serum, 2
mM L-glutamine, 100 IU/ml penicillin and streptomycin in a
humidified atmosphere of 5% CO, at 37 °C were cultured.
Cells underwent the following treatments: no treatment
(control), CP administration (0.1, 0.5, 1 uM), SMF exposure,
or SMF+CP. Cells, growing in adhesion, were exposed to an
inhomogeneous SMF with a magnetic induction ranged
between 31.7 and 232.0 mT. Biochemical (MTT for cell
viability, NBT for ROS-generation, Western blot of Caspase-3
for apoptosis) and morphological (light and electron
microscopy) investigations were done after each treatment.
ANalysis Of VAriance (ANOVA) at the 95% confidence level
was performed. The error bars represent the Standard Errors
(SEs) of six independent experiments each done in duplicate.

III. RESULTS

SH-SYSY cells were sensitive to CP whose cytotoxicity was
dose-dependent (Fig. 2A). CP is an anticancer drug whose
cytotoxicy is via DNA-damaging and consequent induction of
apoptosis. Caspase-3 (a marker of apoptosis) was
overexpressed within 2h of administration of CP (46% more
than control cells) and decreased with time, in cells treated
with 0.1 pM CP. Interestingly, at 2h of incubation, different
concentration of CP induced different types of cell death:



with 0.1 pM CP, 75+5% cells were apoptotic and with 1 pM
CP 65+5% of cells were necrotic. The production of ROS was
dependent on the concentration of CP. About 23% more ROS
were found in SH-SYSY cells treated with 0.1 uM CP for 2h
compared to control cells. Since the lower concentration of CP
used in this work was able to induce mostly apoptosis, this
concentration was chosen to investigate the effect on CP
treated cells in the presence of SMF.

CP-induced toxicity was prevented by SMF in a time-
dependent manner (Fig. 2B), thus suggesting that SMF is
antagonist towards the CP chemotherapy efficiency. SMF
exposure during CP administration extensively prevented the
cell loss and the morphological alteration determined by CP,

like round shape, retracted neuritis and damaged mitochondria.

In addition, SMF exposure reversed the ROS generation
induced by 0.1 pM CP.
At short time (2h) of simultaneous treatment with CP and
SMF, the amount of Caspase-3 was only about 65% of
untreated control cells.

IV.DISCUSSION

In this study, which aimed to simulate what should happen to
cancer patients under CP regimen undergoing MRI diagnostic,
evidences of protection against CP toxicity by exposure to an
inhomogeneous SMF (from 31.7 to 232.0 mT) of
neuroblastoma SH-SYS5Y cells are reported. It is worth to note
that the magnetic induction has different values in various
parts of the human body (in particular those that are deep
inside) due to the differences of distances from the SMF
source. It has been reported that SMF biological effects are
not directly correlated to SMF intensity. Low induction values
can be more effective than high ones [6-9].

The efficient induction of cell death caused by CP is in
agreement with other reports [10] as well as the drug
concentration drives the cell death types (i.e. apoptosis or
necrosis). The decrement of the efficacy of the CP, i.e.
Caspase-3 overexpression diminished with time, is in
agreement with the fact that CP degrades with time [11]. It is
most likely that apoptosis, in our system, is executed through
the mitochondrial pathway, as the mitochondria damage after
CP incubation strongly suggests. On the other hand,
mitochondrial pathway of apoptosis seems to be the main
apoptotic pathway used by SH-SYSY cells also when treated
with other anticancer drugs [12]. Contribution of ROS in the
induction of apoptosis and/or cell death have to be considered,
due the significant increment of ROS generation found with
0.1 uM CP for 2h, suggesting that ROS are responsible for the
cell loss observed in the first 2h of treatment with CP and for
the mitochondria damage. On this scenario, the biological
synergic or antagonistic effects of SMF is particularly
intriguing, since it is already known that the SMF can induce a
dramatic modification of the cell death response when drugs
are simultaneously administered [8]. Conversely to the data
reported by Tenuzzo et al. [8], CP in presence of SMF was
less effective; in fact Caspase-3 expression was 35% less than
controls.

In conclusion, the overall data reported here give two
contradictory indications. On one hand the data suggest that
inhomogeneous SMF with a magnetic induction ranged
between 31.7 and 232.0 mT protects the cells against CP
cytotoxicity, at least for up to 24h. However, this view on

perspective of cancer patients undergoing chemotherapy is
certainly undesired; indeed SMF exposure could compromise
the success of chemotherapy of CP-treated patients, because it
could reduce the effectiveness of the drug by its anti-apoptotic
action. On the other hand, SMF could be exploited to
counteract the cytotoxic effects due to CP, which could
diffuse at low concentrations in healthy tissues of patients. It
should be further investigated if this beneficial effects of SMF,
observed in our in vitro study, could be translated into
evidence-based medical therapy options available to clinicians
to prevent the side effects of the CP-based chemotherapy.
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Fig. 2 A: viability (MTT assay) of SH-SY5Y cells treated with different
concentrations of CisPlatin (CP) (0.1, 0.5 or 1 pM) for 2h. B: time-course of
viability (MTT assay) of 0.1 pM CP-treated and/or Static Magnetic Field
(SMF)-exposed cells for 2, 4 or 24h. Values are reported as percentage of the
control untreated cells considered as 100%. Single star indicates values
significantly different from the respective untreated control cells. Two stars
indicates value significantly different either from 0.1 pM CP-treated that from
untreated control cells.
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Summary
Terahertz (THz) radiation has been increasingly used in a variety
of applications. However, few data are available on the biological
effects of this type of electromagnetic radiation. The aim of our study
is to evaluate genotoxic effects in human fibroblasts exposed to low
frequency THz using the micronucleus assay. We describe the
irradiation set-up and report preliminary results.

Introduction

In recent years, Terahertz (THz) radiation has aroused a
growing interest in  medical, security and  military
applications. However, the biological effects of this type of
non-ionizing radiation are still scarcely investigated. Human
leucocytes and skin fibroblasts were mainly used as cellular
models in proactive studies on this topic [1, 2]. Potential
DNA damage induced by THz in vitro irradiation was
assessed using the comet assay and micronucleus test. The
Cytokinesis-Block Micronucleus (CBMN) assay, which
consists in counting the micronuclei (MN) in binucleated cells
(BN cells), is a feasible and rapid method to assess genotoxic
damage induced by physical and chemical agents [3, 4]. The
data reported in the literature on biological damage associated
to THz exposure are quite contradictory. Hintzsche et al.,
2012 showed no statistically significant induction of DNA
strand breaks, investigated by Comet assay in two different
types of skin cells exposed to THz radiation [5]. The
micronucleus frequency was also not affected by the terahertz
exposure in both cell types, confirming the results of other
studies which found no increase in micronucleus frequency
associated to terahertz radiation [6]. In contrast to this, some
authors suggested that THz radiation exposure could result in
mitotic disturbance, giving rise to aneuploidy in daughter cells
[7; 8]. In this study we investigated the genotoxic effects of
in vitro Terahertz exposure in human fetal fibroblasts using
CBMN assay. The exposure was performed in the frequency
range between 100 and 150 Ghz.

Material and methods

Exposure set-up

In vitro exposure of human fibroblasts HFFF2 was
performed in a wide band between 100 and 150 GHz using
the ENEA Compact Free Electron Laser (FEL). Due to the
peculiar characteristics of the electron accelerator driving the
FEL, the radiation pulse is composed by a “train” of
micropulses, each 50 ps long, with 330 ps spacing between
adjacent micropulses. This temporal structure of the emitted

radiation allows the investigation of the effects of high peak
power, while maintaining a low average power, typically few
mW, incident on the sample, thus avoiding heating effects. A
specific THz Delivery System (TDS) was designed and built
providing the necessary expansion of the THz beam needed to
match the area of the 5 cm diameter Petri dishes used in the
experiments.

Cytokinesis-block micronucleus assay.

Human primary fibroblasts (HFFF2) were seeded on petri
dish 24 hrs before THz exposure. Binucleated cells (BN) were
obtained adding cytocalasin-B (Sigma Aldrich, St. Louis,
USA) at a final concentration of 3pg/ml 24 hrs before fixation
[9]. Cell cultures were fixed in freshly Carnoy modified
solution (5:1 v/v methanol/acetic acid) and dyed with 4,6-
diamodino-2 phenylindole (DAPI, sigma Aldrich, St. Louis,
USA) in Vectashield (Vector Laboratories, Burlingame, CA).
Bi-nucleated cells were scored as previously described by [4].
Cells were considered BN when the two nuclei were situated
in the same cytoplasm, have more or less the same size,
staining pattern and intensity pattern.

The scoring of micronuclei (MN), considered
morphologically identical to a nuclei but smaller, takes into
account only MN non-refractive, not linked or connected to
the main nuclei and with the same staining intensity as the
main nuclei or occasionally more intense [4].

Results and discussion

Results obtained from MN analysis are shown in Fig. 1.
We can observe a statistically significant MN induction in
irradiated samples compared to the untreated one. These
preliminary results indicate an increase of DNA damage after
THz exposure.

It will be interesting to perform further analysis in order to
confirm this data and to better understand the origin of these
MN. In fact, MN can arise from acentric fragments that fail to
be incorporated into the daughter nuclei during cell division
or from entire chromosomes. The latter could result from
mitotic spindle alteration at mitosis or from complex
chromosomal configurations that pose problems during
anaphase. Thus, formation of micronuclei can be induced by
both clastogenic and aneuploidy-inducing agents. The
identification of kinetochores in MN by antibody staining [10]



will make possible to identify MN originating from
chromosomal aberrations or chromosome loss.
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Fig.1. Percentage of MN in exposed and untreated samples. The frequencies
of MN were obtained on 1000 bi-nucleated cells from two independent
experiments. The statistical test used for the analysis of MN was the binomial
probability test. Significance was accepted for value p< 0.05. ***p<0.0001
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Abstract - investigated topics of this study are:Ij Assessment of
the Electric field in a home scenario with particula regard to an

infant bedroom (Il)verification of the compliance to Italian

regulatory limits concerning population exposure toEM fields

(Ill) Comparison the Electric field strength measured with

values expected by a single commercial WLAN transrter

(100mW — 2400 Mhz) (IV)Determination of the safetylistance at
where Electric field strength reach the regulatory imit value

(zoning — CENELEC EN 50499).

Key words: E-field exposure assessment, finite- déirence
methods; environmental safety

I. INTRODUCTION
Today different kind of wireless communication &yss

to sleep all night long , so we have to take irdooant the
most severe Italian regulatory limits stating thiz¢ E field
strength shall not exceed 6 V/m. The bedroom under
investigation is modeled using a ray-tracing metfuwdndoor
propagation[3]. Two different floors of 5m x 9m x2& are
shown in the map(Figure 1). At first floor, thece&ing
dipole antenna (Rx) was moved along a straight datkctly
above the ground floor dipole antenna (TX), tratgng at
frequencies of 1800 MHz with horizontal polarizatidhe
comparison between simulated attenuation and medsne
at the minimum (4m) distance between Rx and TXraras,
taking into account the shielding of 17cm thickofip are
shown in Figure 2.

are present in almost every home. As a result @ th

phenomena, the assessment of the exposure levgpiiral
home environment has to take into account not dhby
devices located within the single house or flat; &lso the
contribution to these field caused by emitters tedain the
neighborhood: though the emitted field from theseicks is
attenuated by the walls, their number can be saifly high,
so that the sum of all the generated field is tatdden into

account.This contribution presents an assessmenthef

human exposure to electromagnetic fields causeddme
wireless communication systems. For this purpose
investigated the emissions of Wireless LAN (IEEE2.8Q)
devices in a typical two-floors home environmefitst, a
simulation of the real scenario was created, ireotd derive
the theoretical distribution and strengths of ti felds. As

a second step, a measurement in controlled enveohm
the

(anechoic chamber) was performed to calibrate
instrumentation and to obtain a reference situatkinally,
the measurements were carried out in the real soerhe

measurement outcomes were then compared with tiés li

imposed by Italian regulations on EM protection(DP@.
199/2003).

II. MATERIALS, METHODS,RESULTS

The investigated scenario takes into consideratioimdoor
environment (i.e. a room) surrounded by a denseillision
WLAN Emitters. Emitters positions, frequencies gmuver
are not known a priori. A children bedroom, is takato
consideration as the most critical measurementtpuinthis
area a child is supposed

[V - AR
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Figure 1: measurement scenario model

Figure 2: comparison between calculated and measutattenuation

welsing an hyperlog instead of a dipole antenna, sép

was characterize the SWR. Rohde & Schwartz FS4H-NA
were used to obtain the hyperlog 2-3 GHz SWR shoiwn
Figure 3.
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Figure 3: SWR characterization

To define the expected Electric field amplitude as
function of distance from the single WLAN emitter,
measurements of the maximum incident electric fattdngth
in an anechoic chamber (at Electronic and Teleconization
Institute “G.Vallauri’- Livorno) were carried outhe WLAN
emitter was modeled with a calibrated Double Ridin
Transmitter (100mW @ 2450 MHz)[1], towards to an
HyperLOG 4040 AARONIA Receiving antenna, located
respectively 2, 3 and 4 m distance. Output of tratisr
antennas was measured by a Rohde & Schwartz 8PB3
Power Sensor. Knowing the DRG Horn output P(W) and
linear Gain G, at d(m) distance in far field exgecE (V/m)
is:

£ v(agm)



Measures were made simultaneusly with calibratedMPM Table 3: measurements comparison

8053A sensor and HyperLog 4040 antenna. Compalieg t |
expected and measured E values we obtain a goeéragnt
among the E values at different Tx-Rx distancedld@a ) .

ORG Hom P (W)

Fraq Rx

TR d (m)

Expected E (V/m)

Hyperlog 4040 E (Vim)

2450

?

242761958

PMM 50534 E (Vim)
3

2107

2450

3

1.618413054

167

1,634

2450

4

1.21380979

1.26

1,398

Table 1. E values versus distanc . . . i .
The same measures expected in the environmentzdrsae experimentally.(Figure 6 )

a(m) TR
Measured by PMM 8053A | 4.
Anecoic chamber Hyperlog | 4
Environment Hyperog | 4

PL(RO)
-12,041
-12,041
-12,041

The propagation path is then observed during the
measurements, depending of the distance and npag#aions
of the transmitting and the receiving antennas.

The exponential decrease of E amplitude versusrdist
derived from literature[2] has then been verified

PL(dB)
-22,84285166
-22,76871844
-32,73985209

WAF_(dB)

-10,80165183
-10,72751861
-20,69865227

Expected E (Vim) 4m Tx_[E(Vimwall Floor (m)
1,21380079 Fo‘as 0,12
121380979 | o33 | o12
1,21380079 0,028 B

and simulated[3] are obtained in the anechoic dieam

—e——RO0R

between antennas RX-TX

respectively at 4m distance,

y =0,0348¢ 00154

FLOOR

Espo. (RLOOR)

interposing a 12 cm thick wall located at 10cntatise from

Figure 4: wall built during measurement process

Despite of different conditions for frequency (IG8iz vs.
2,45 GHz) and wall thickness (17cm vs. 12 cm) déffees,

measured dB attenuation confirms what expected &g 3)

d(m) Tx-R+{ Floor (m dB Simul dB Meas | dB Mean

[ 035 [-2284
| 0383 | 2277

Measured by PMM 8053A | 4 | 0
Measured by Hyperlog 4040 | 4 | 0

4,855239161
4.856239161

Table 2: measurement with wall

R2=1

0 5 10 15 20 25 30 35 40 45

Distanze incm

Figure 6: attenuation model

The exposure Indicators Tor populaton In the radio
frequency fields of the considered applicationshetow 1%
of the reference Electric field limit imposed byguations.
(see table)

Distanza cm E (Vim)
0
10 0029875307
20
30
40 0018829641
Liv_Attenzione 6
% Maxliv.att.
Modello

Estensione della Zona 1 (aftezza in cm dal pavimento)

0.498%

FLOOR
6,00

3344

Indoor measurements were performed during daytifmenw
the maximum traffic load in the network is expected
Measures are made respectively at 10cm and 40istande
over the floor, under the children bed. For all meaments of
E the former AARONIA SPECTRAN HF 4040 with EMCthe

Table 4: Exposure indicators

Ill. CONCLUSIONS

Results demonstrate that even under non usual tommsli

exposure indicators for population in the rafémuency

directional Antenna HyperLOG (400Mhz — 4 GHz) amalr fields of the considered applications, is below ¥ the

time handheld Spectrum Analyzer Software running
notebook were used, in order to obtain results @raige
with the DPCM n.199/2003 limits, in which 6-min aage of
field quantities are of interest[1].All the dBm Haibog
measure are recorded in logger way, sweeping the-2,5
GHz band during the measure (Table 4) and correuyeithe
SWR curve to obtain the MAX E value. (in graph —swe at
10cm from the floor).

data logger wifi (o vim]
0,05
$ *
E
>0 . . . . _
2461 2461 2462 2462 2463 2463 2464
Mhz

Figure 5: E values versus frequency

Comparison of the measures made with Rx antenna at

10cm distance from shield, demonstrates a flo@nattion
two times the wall attenuation measured in the laoiec
chamber , in agree with a major floor thick.(Tab)e

oeference Electric field limit imposed by regulatso Anyway
we observed that the exposure caused by an eroitizied in
a surrounding room (and even in another floor)ingilar to

the one caused by an emitter located inside then raere
measures are performed. The exposure determingtiem
need to take into account all the electromagnegnario and
the effects of obstacles and shielding structures.
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Abstract — In this study was investigated the transmitted (TX
power of mobile phones for different usage modes dnin
different conditions of environmental signal recepibn. Tx power
was measured by an experimental system set-up forhis
investigation. The variation of mobile phone exposw for the
operation with 2G or 3G network technologies and fodifferent
levels of environmental signals was analyzed.

I. INTRODUCTION

Output power of the mobile phones is an importactdr
for exposure assessment of electromagnetic fiatdttes by
these devices. So the characterization of timeatian of
output power is of interest to evaluate the diffees in level
of exposure to mobile phones and to estimate thaplpe
exposure during real use in operating networks,3L,Zime
variation of phone output power is due to power tian
technologies which regulate transmitted power ddjmenon
the received signal strength (Adaptive Power CoriraPC).
Previous works evaluated output power via softwase
network analysis tool [4,5]. In this study, measoeats of
transmitted power were made for three models ofrspfeone
operating both in GSM and in UMTS networks. To fyethe
variability of transmitted power with network teailagy, the
smart phones were forced to operate with only enbrtology.
Further tests were carried out considering the difterent
usage modes: voice call and data transmission.

Output power was determined by on site measurements

seven areas with different reception quality aretteic field
exposure levels.

. EXPERIMENTALSETUP

The instrumental chain for radiofrequency power teadi
from mobile phones is shown in figure 1.

!

Ul

‘Supplementary antenna Attenuator I_ Power meter
Personal 4— Mohile
Cgmputer 7 Phone

- fr
L 9
Fig. 1 Measurement system set up for output poiverobile phones

A supplementary antenna outside the mobile phong
used because the signal detection at the feedingector of
inner antenna was not possible. A variable attemuaias

added into the system before the signal enteredothside
antenna and the attenuation value was fixed so gbality
reception was comparable with that of inner antgabaut 20
dB). RF output power was measured by power seng&s R
mod. FSH-Z1 with a frequency range 10 MHz - 8GHd an
dynamic range 200 pW — 200 mW. Power sensor, coadec
to mobile phone by a directional coupler, was rastyot
controlled by a self made application based on liabV/
Power measurements were acquired with a time stef0o
msec for determining average and maximum exposuregl
mobile phone usage. Usage mode of phone was sthrelcr
by reproducing a typical registered voice call abg
downloading the same video during tests on dataemod
Environmental electric field levels were measuren f
relating exposure levels and quality reception witione
transmitted power. These measurements were catiedhy

spectrum analyzer Narda mod. SRM3000 connected to a

triaxial antenna. By this instrumental chain, theod&icast

Control Channel (BCCH) signal level was measured in
frequency domain, for GSM network, and Common Pilot

Channel (CPICH) power was measured in code donfiain,
UMTS signal [6]. BCCH and CPCIH level do not depemd
the traffic load and they can be good indicatorgemfeption
level for GSM and UMTS signals in the investigaseda.
Tests were made on three different models of sptarhes.

Ill. RESULTSAND DISCUSSION

An example of mobile phone transmitted power messur
for the three considered usage mode is shown imefig.

L_--
b

A

. )

b, el Pl Pas

V\t—é?g. 2 Example of measured transmitted power of ilagbhone for three

usage mode: a) voice call with GSM network, b) eomall with UMTS
network, c) data mode with UMTS network.



Figure 2a shows the peak level due to settingainitplink
transmission power when mobile phone is accessirgSM
network. Graph in figure 2b shows a typical noiske |
transmitted signal due to the codes used in UMTESntelogy
which have a pseudo random bit sequence. In figar¢he
different peak levels are representative of thekgaonode
communication.

Average output power measurement results as aidunct
environmental electric field (BCCH and CPICH leyetse
shown in figure 3 for one of the tested smart pBone

_ GSM  VOICE CALL (a)
L

3
N

=W

=21

445

120

00

LU

oo

Fig. 3 Average output power versus environmentadtec field for one of
the tested mobile phones: a) GSM network; b) UME8work for voice call
and data transmission usage mode

Measured transmitted power changed as a function of

electric field reception level. For GSM voice ctik average
transmitted power varies from 2 mW, in areas widceic

field strength of about 2 V/m, to levels highernthE00 mW,
in areas with electric field strength of about A.G0OM. So the

reduction in electric field level of a factor of @D corresponds

to an increasing of transmitted power of a factoalmout 60.
Similarly, we observed the transmitted power insheg with

the reduction of reception level for UMTS voicelaaid data
transmission mode. The average transmitted powdd¥6TS

voice call varies from 0.4 pW to some mW passinogifareas
with electric field of about 1 V/m to areas withwler levels
(0.01 V/m).

The above reported results indicate also that ragitione
average output power for UMTS voice call is verywéo than
for GSM voice call in all investigated environmenitBhe
difference between average output powers is ot®ifaf 15
in environments with low reception level (100 mW f8SM
and some mW for UMTS). This difference raises faaior of
5000 in environments with high reception levels, even

average output power passing from 0.4 pwW for UMTS

network to 2 mW for GSM network.

IV. CONCLUSIONS

In this study the real transmitted power for GSMdan
UMTS services was measured in different configoreti
Variation of average output power of mobile phomess
quantified with relation to environmental receptieuel.

Measurement results indicate that exposure leveb$i
mobile phone in outdoor areas with higher environtake
electric field strengths and a good reception ¢yai60 times
lower than in indoor situation with bad signal neiben. This
variability in exposure levels is much higher foMUS voice
call usage reaching a factor of about 2000. Inintkiestigated
areas, exposure levels due to UMTS voice callsltebtrom
15 times to 5000 times lower than those due to G®iMe
calls.

Further studies will be necessary to compare hgpdseire
to mobile phones with whole body exposure to emrimental
radiofrequency fields from base stations.
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Abstract— In the framework of the feasibility of an international
study on ELF magnetic fields and leukemia in children living in
buildings with built-in transformers (TransExpo), we have
assessed whether an a priori classification of the apartments,
based on its distance from the transformer room, is predictive of
the indoor magnetic field level. We summarize herein the
preliminary results of the exposure validation study performed
in Italy.

1. INTRODUCTION

In 2002 the International Agency for Research on Cancer
(IARC) classified extremely-low-frequency magnetic fields
(ELF-MF) as “‘possibly carcinogenic in humans’’ (group 2B),
based on limited evidence in humans (in relation to childhood
leukemia only) and inadequate evidence in experimental
animals [1].

The IARC evaluation was driven by an increased risk of
leukemia with daily average exposure to ELF-MF above 0.3
or 0.4 uT observed in two partially overlapping pooled
analyses of about a dozen epidemiological studies published
by the turn of the century [2-3].

A pooled analysis of 7 new studies broadly replicated
earlier findings [4].

Unfortunately, the new studies share the methodological
shortcomings of the previous ones. Therefore, due to lack of
support from experimental studies and plausible mechanism,
bias and/or uncontrolled confounding remain plausible
alternative (non-causal) explanations of the epidemiological
findings [5-7].

To reduce the scientific uncertainty new approaches are
required; only studies designed to minimize biases from
different sources while maximizing the ability to detect an
association, should one exist, could provide relevant new
information [8]. One such study is “TransExpo”, an
international study of childhood leukemia among children
living in apartment buildings with built-in electrical
transformers, whose feasibility is currently being evaluated or
piloted in several countries, including Italy [9-10].

II. MAIN FEATURES OF THE TRANSEXPO STUDY

People living in buildings with transformers form a study
population which includes individuals exposed to different
levels of ELF-MF (well over the background in apartments
adjacent to the transformer), but likely more homogeneous in
terms of socio-economic status and other environmental
exposures than persons not living in such buildings.

The assessment of exposure to ELF-MF will be based on
the relative location of the transformers and residences within

the building, without contact with the study participants, and
blind to the children’s health status.

The basic assumption in the main epidemiologic study is
that residents of apartments in close proximity (immediately
above or adjacent) to transformer rooms are exposed to
magnetic field exposure levels significantly higher than
average residential exposure levels in other apartments in the
same buildings and that these exposures can be predicted
without access to the residence.

We report on methods and preliminary results of a
measurement survey carried out in Italy, aimed to assess the
reliability of an a priori exposure classification, based on the
distance of the apartments from the transformer room.

III. METHODS

The measurement protocol called for a series of
measurements of magnetic field level in a sample of buildings
with built-in transformers.

In each of these building, 3 to 5 apartments had to be
selected, at least one for each of the following categories:

- Directly above the transformer room (type 1) or sharing
an edge with it (type 2);

- On the same floor of type 1 apartments but not
contiguous to the transformer room (type 3) or one floor
above type 1 apartments (type 4);

- Other floors and locations not considered above (type 5).

In each apartment the following series of measurements
were to be made, using an EMDEX II or an EMDEX Lite
magnetic field meter (full frequency range 40-800 Hz
including harmonics):

- aspot measurement at the front door;

- a series of spot magnetic field measurements in every
commonly occupied room of the residence (one at the
center of the room and four at halfway between the center
and the corners of the room);

- an additional spot measurement at the center of each bed
in each bedroom,;

- a 24 hour recording of the magnetic field level in the
bedroom (preferably that occupied by the youngest
resident), placing an EMDEX meter (sampling frequency
=5 seconds) at a convenient, unobtrusive location.

Concurrent in time with the 24 h measurements in the various

apartments from any particular building, a 24 hour recording

of the magnetic field level in the transformer room of each
building would also be performed, placing an EMDEX (II or

Lite) meter in proximity to the emergence of the secondary

cabling.

The spatial coordinates (north, east, quote) of the locations of

the frontdoor and 24 h measurements (in the bedrooms and



the transformer rooms), with a common origin, had to be
recorded.

IV.PRELIMINARY RESULTS

The survey was carried out in Milan, in cooperation with
technicians of the local power distribution company (A2A
Reti Elettriche), between December 2012 and February 2014.

A sample of 26 buildings was extracted from the A2A
database of MV-LV transformers in Milan (5,466 substations
as of September 2012).

More than half of the sampled buildings, however, had to
be excluded for various reasons [the transformer room was
located in the courtyard, not inside the residential building
(#3); the apartments adjoining the transformer room were not
for residential use (#4); tenants were not identifiable from
intercom or mailboxes (#2); repeated unsuccessful attempt to
approach occupants of apartments adjoining the transformer
rooms (#4); occupants of apartments adjoining the transformer
rooms refused to participate in the survey (#3)], leaving 10
buildings (38%) suitable for inclusion in the study.

Out of 40 residents in the 10 eligible buildings who could
be identified, 35 were contacted and invited to participate in
the study (88%), 29 agree to take part in the measurement
survey (83%) and 26 were at home on the appointment date
(74%). Participation rates were higher among occupants of
apartments adjoining the transformer room (10/10; 100%),
than among persons living in apartments located further away
(16/25; 64%).

The average level of magnetic field from the 24 h bedroom
recording was substantially higher in apartments adjoining the
transformers rooms compared to all other apartment types
(Table I), while our a priori medium and low categories of
potential exposure showed similar average levels of ELF-MF
(Figure I).

TABLE I

AVERAGE LEVELS OF ELF-MF (uT) FROM 24 H BEDROOM MEASUREMENTS IN
APARTMENTS FROM BUILDINGS WITH BUILT-IN TRANSFORMER, BY 4 PRIORI
CATEGORIES OF EXPOSURE POTENTIAL

Potential exposure* | N° | Mean (SD) IQR p§
High 12 | 0.45(0.24) | 0.24-0.58 <0.0001
Low 14 | 0.09 (0.06) | 0.04-0.13

*High = type 1 or 2 apartments; Low= type 3, 4, or 5 apartments.
*Kruskall-Wallis test on the group arithmetic means.

FIGURE

AVERAGE LEVELS OF ELF-MF (uT) FROM 24 H BEDROOM MEASUREMENTS IN
APARTMENTS FROM BUILDINGS WITH BUILT-IN TRANSFORMER, BY 4 PRIORI
CATEGORIES OF EXPOSURE POTENTIAL (HIGH, MEDIUM, LOW)

Magnetic fleld {microT)

-
.
- =

High Medium Low

V. CONCLUSIONS

The preliminary results of the Italian pilot study, in line
with findings from other countries participating in the
TransExpo feasibility study [11-16], are encouraging and
confirm the assumption that residents in apartments in close
proximity to transformers are exposed to magnetic fields
significantly higher than in other apartments in the same
building.
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Abstract— Results of a measurement campaign in urban
environment near Naples for monitoring the co-exposures of
the population to electric, magnetic and electromagnetic fields
and radon will be presented. Measurements were carried out
in towns rich in rocks of tuffs and pyroclastics that are major
source of radon and in particular in sites where prolonged
presence of children and teenagers is foreseen.

I.  INTRODUCTION

Electromagnetic  fields (EMF) including both
radiofrequency radiation (RF) used by mobile phones and
new wireless technologies, and extremely low frequency
(ELF) due to the generation, transmission, and use of
electricity represent ubiquitous sources of daily exposure of
the general public. As a consequence, population exposure
to EMF is a great scientific interest issue, for which a proper
assessment is decisive for a correct awareness and risk
perception. Being an ubiquitous source of exposure, it is
interesting to consider combined exposure to EMF and other
environmental pollutants. In this framework, combined
exposures to EMF and radon and its progeny, which
contribute more than half to human exposure to ionizing
radiation from natural sources, are considered. As a matter
of fact, Radon (*Rn) is a natural radioactive noble gas
produced from the decay series of *®U, and for this reason
its distribution is very variable in the earth's crust. *’Rn and
its progenies in air constitute the major natural exposure
source to ionizing radiation for humans [1] because it can
accumulate in enclosed space. International Agency for
Research on Cancer (IARC) [2] has defined radon as a
human carcinogen since 1988 and EPA 2003 [3] has
reported that the radon is the second risk factor for lung
cancer after smoking. The International Commission on
Radiological Protection (ICRP) [4] has established an action
levels between of 400 Bg/m® and 600 Bg/m°. In ltaly, the
authorities, had adopted as action level of 400 Bg/m® for
existing houses and 200 Bg/m® for future buildings in
accordance with international recommendation [4].

In this work, the results of a measurement campaign
carried out in several small towns of the Penisola
Sorrentina, an area rich of rich in rocks of tuffs and
pyroclastics, will be reported, in order to characterize
combined exposure of the general public to both
eletromagnetic fields and radon.

Il. MATERIALS AND METHODS

A. Electromagnetic fields measurements

Electromagnetic fields (EMF) measurements at extremely
low frequencies (ELF) were carried out by means of a broad

band instrumentation which included the Narda EFA 300
radiation meter, a magnetic and an electric field probe (5 Hz
— 32 kHz), a tripod made by dielectric material. Both
instantaneous magnetic induction values at 50 Hz and
frequency spectra were acquired at each measurement point
(6% extended uncertainty, k = 2).

EMF measurements at radiofrequencies (RF) were
performed by means of both broadband and narrow band
instrumentations. The PMM 8053 radiation meter (Narda),
equipped with a EP-330 electric field probe were used for
broadband measurements in the range from 100 kHz to 3
GHz (27% extended uncertainty, k = 2)

Narrow band measurements were carried out by means of
the test system shown in Figure 1, which included: 1) an
isotropic TS-EMF B1 probe (30 MHz — 3 GHz, Rohde &
Schwarz); 2) a FSH-8 spectrum analyzer (100 kHz — 8 GHz,
Rohde & Schwarz); 3) a computer installed with the RFEX
v.1.6.34 (R&S) software for the remote control of
measurement instrument and the antenna switching, for the
integration and correction of the measurement data, for data
saving and report generation. The software is provided with
several measurement packets which define the operating
conditions of the spectrum analyzer to detect emissions
from different radiation sources (e.g., TV and radio
broadcasting, mobile phone base stations...) in a certain
frequency range. In the present work, measurement
configurations associated to GSM, UMTS, WiFi packets
were adopted (extended uncertainty 30-40%, k = 2,
depending on the measurement packet).

¥

Fig. 1 Test system for RF, narrow-band electromagnetic fields
measurements.

B. Indoor radon concentration measurements



The technique used in this study is based on long-term
measurement with passive alpha detectors (SSNTDs) LR-
115. In each dwelling, two detectors were exposed in the
rooms were the inhabitants spent the most of their time,
generally the living room and bedroom, for two consecutive
semesters in order to obtain a whole year of exposure. After
exposure all detectors were chemically etched using a
solution of 2.5 N NaOH at 60 °C for 110 min and scanned.
The recorded track density was then converted in radon
concentration using a suitable calibration factor.

TABLE |

REsuLTS oF 50 HzZ MAGNETIC FIELD (BROADBAND),
RADIOFREQUENCY (NARROW BAND, GSM, UMTS AND WLAN
PACKETS) AND RADON INDOOR MEASUREMENTS IN TWO TOWNS OF
THE PENISOLA SORRENTINA (* WLAN SOURCE IN THE MEASUREMENT
ROOM; ® WLAN SOURCE IN A ROOM ADJACENT TO THE MEASUREMENT

ONE)
Sant’Agnello

| B8 | Gsmano | umTs | wian Radon

[nT] [VIm] [VIm] [V/m] [Ba/m]
1 30 0.066 0.076 0.045° 455 + 10
2 100 0 0 0.029° 113+1
3 40 0.016 0 0° 109 + 3
4 80 0021 | 0.023 | 1.210" | 163+¢
5 | 227 0 0 0° 82+ 1
6 20 0 0.006 0.064° 101+ 10
7 70 0 0.017 0.368" 71+ 4

Piano di Sorrento

8 80 0 0.020 0.049° | 1654+ 28
9 40 0 0.116 0.778" 94+1
10 10 0 0.006 0.045% 84+5

I1l. RESULTS AND DISCUSSION

The indoor radon concentrations measured in the
dwellings of Penisola Sorrentina are reported in Table 1.
The results show that in 90% of houses, the radon
concentrations are below 200 Bg/m® that is the
recommended level of Italian legislation for new buildings
and only 10% are higher than 400 Bg/m® which is the
recommended level of Italian legislation for old building.

As far as the results of electromagnetic field
measurements are concerned, magnetic induction levels at
50 Hz were always below the exposure limits (100 uT), the
attention level (10 uT) and threshold value (3 uT) defined
by the Italian law (Table I). The same holds true for both
broadband and narrow band measured radiofrequency
electric field levels. Interestingly, from the narrow band
radiofrequency measurements, it turned out that the major
contribution came from Wi-Fi signals (Table I). Moreover,
measured results were in agreement with those of similar
measurement campaigns carried out in other European
countries [5].
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Abstract — In this paper a review of the studies devoted to the
characterization of the dielectric and thermal properties of
tissues treated with a microwave thermal ablation procedure is
conducted. The state of the art, measurement set-ups and
techniques, experimental results, and developed
computational/numerical models will be presented, and future
research needs identified.

I.  INTRODUCTION

Thermal ablation therapies exploit the interaction between
a physical energy and a biological tissue to heat the target
cells up to irreversible injury; microwave (MW) thermal
ablation uses the electromagnetic (EM) field radiated by a
minimally invasive antenna in the MW frequency range
(typically 915 MHz or 2.45 GHz) as heat source [1].

Raising the biological tissue temperature to values higher
than 42 °C, increases susceptibility to damage by other
mechanisms (e.g. radiation or chemotherapy). Permanent
cellular damage occurs after 60 minutes at 46 °C, and after
only 4 - 6 minutes at 50 - 52 °C. Increasing the temperature
over about 60°C leads almost instantaneous cellular death due
to protein denaturation, which irreversibly alters the tissue’s
structure and properties (both dielectric and thermal) [2, 3].
Over 100 °C, the tissue boils, vaporizes and carbonizes [4].

Information on the temperature distribution and on

temperature-dependent thermal and dielectric properties of the
target tissue are fundamental to evaluate the EM power
deposition and the heat conduction within the tissue, and,

consequently, to determine the achievable size of the thermal
lesion. The EM power deposition and the corresponding
temperature increase can be modelled by the Maxwell’s
equations (1) and by the bio-heat transfer equation (2),
reported below.

| VXE(r,w) = —jou(r, w)H(r, )
( {VxH(r,w) =0E(r,w) + jwe(r,0)E(r, w) + J;(r, w)

® C@p() 5 =
=V (k(r)VT) + Ao(r) + Qu(r) = Bo()(T — T))
Their solution is strongly dependent on the values of the
tissue dielectric (permittivity &, and conductivity o) and
thermal (specific heat capacity C, and thermal conductivity k)
properties, as well as on the EM field (vector electric E and
magnetic H fields, and incident current density J;, all
dependent on the spatial position r and on the frequency f,
with w=27f) and on the tissue density p and temperature 7. In
equation (2) there is also the contribution of the external heat
source (Q,), the metabolic heat generation (4,) and the blood
perfusion (B, with T, the blood temperature).

While the dielectric and thermal properties in (1) and (2)
at temperatures close to those of the human body have been

widely studied, less researches have been conducted
considering the high temperature values typical of MW
thermal ablation. Moreover, the higher the tissue temperature,
the more difficult the comprehension of the changes in the
tissue properties is.

In the following, the literature works investigating the
dielectric and thermal properties of biological tissues will be
reviewed, with particular attention to their changes in
correlation with the temperature.

II. DIELECTRIC PROPERTIES OF BIOLOGICAL TISSUE

Several authors investigated the changes in the relative
permittivity and conductivity of ex vivo tissue with the
temperature [2, 4 - 11]. However, only two groups focused on
microwave thermal ablation procedures [12 - 14].

In these studies, the tissue dielectric properties were
measured in ex vivo tissues undergoing MW thermal ablation,
by the open-ended coaxial probe technique. Tissue’s
temperature was also monitored, using either thermocouple or
fibre-optic probes, in order to infer a correlation between the
changes in the dielectric properties and the temperature
increase. In [12], the temperature and the dielectric properties
were measured at the same location, bundling the temperature
sensor with the dielectric probe, and positioning them parallel
to the MW antenna. In [13, 14], the tissue’s temperature and
the dielectric properties were measured in different locations,
positioning the probes perpendicularly to the antenna’s axis at
the same radial distances, exploiting the cylindrical symmetry
of the antenna, and supposing the tissue to be homogeneous.

Both in [12] and in [14], sigmoid correlations between the
temperature gradient and the changes in the dielectric
properties of the tissue have been established. Accordingly, as
the temperature reaches values close to 60 °C, the tissue’s
dielectric properties drop very rapidly. However, the models
proposed by the two research groups show significant
differences in the dielectric properties values over the range
80 °C — 100 °C, with differences as high as 100%. In [14], it
has been pointed out that the changes in the tissue’s dielectric
properties strictly depend on the local temperature reached
and, thus, on the amount of MW energy delivered punctually
to the tissue. Consequently, tissue's dielectric properties vary
spatially as a function of the temperature gradient in the
thermal lesion.

III. THERMAL PROPERTIES OF BIOLOGICAL TISSUE

Researches investigating the thermal properties of
biological materials are less prevalent in literature. The
changes in the thermal parameters of the tissue were
investigated mostly near normal body temperature [15, 16].

In [17, 18], the temperature changes in ex vivo tissue
undergoing MW ablation were measured, and the direct link
between the temperature increment and the changes in the



tissue’s water content was investigated. The experimental
results were used to develop an improved numerical model,
defining a modified bio-heat equation; an effective specific
heat, that considers the water content and thereby is function
of the temperature, was implemented.

Other studies were conducted on ex vivo tissue sample
exploiting the transient line heat source technique, deploying
ad hoc probes [19] or commercial devices [20]. The line heat
source technique consists in obtaining the thermal
conductivity of the medium from the time-rate evolution of
the temperature of a very thin metallic wire placed into the
medium. The wire is heated applying a step voltage, thus
obtaining an essentially uniform line source of heat flux per
unit length [21]. The rise in temperature of the wire is
dependent on the thermal conductivity of the surrounding
medium [22].

In [19], the thermal conductivity of different tissues (in
vitro sheep collagen and in vitro cow liver) were measured as
a function of the temperature with subsequent experiments in
the range of 25- 90 °C, by heating the samples in a water bath.
In both tissues, irreversible changes in the thermal
conductivity were observed beyond a threshold temperature
(55 °C for the collagen and 90 °C for the liver). Moreover, the
thermal conductivity was measured in vivo in pig forelimb
(across and along strands), neck (fat) and liver, pointing out
the major role played in heat dissipation by the blood
perfusion.

In [20], the specific heat capacity, the thermal
conductivity, and the heat diffusivity of ex vivo tissue samples
were evaluated as function of the temperature, between 20 °C
and 90 °C, investigating both the heating and the cooling
phenomena within a water bath. The thermal properties
changed as function of the temperature with a decreasing
trend between 20 °C and 35 - 40 °C, where a minimum was
reached (3.567 mJ/(m’K) at 35 °C, for the thermal
conductivity), and then with an increasing trend up to 90 °C
following a quasi-parabolic behaviour (4.296 mJ/(m’>-K) at 90
°C). Moreover, the irreversible structural changes of the
biologic tissue after reaching necrotic temperatures was
highlighted, since the observed properties could not recover
on cooling.

CONCLUSIONS

The changes of the dielectric properties of biological
tissues with the temperature have been deeply investigated in
the literature. These studies highlighted that the dielectric
changes are linked to the temperature only, not to the heating
modality or duration, and vary spatially, due to the
temperature gradient induced into the tissue by the heating
process. Nevertheless, further researches are required to better
characterize the tissue behaviour at the highest temperatures
(> 100 °C), where complex phenomena related to both
physical (e.g. water vaporisation) and morphologic
modifications (e.g. tissue contraction) occur.

Regarding the thermal properties of the biological tissues,
their dependence from the temperature is settled. Yet the
knowledge of the underlying mechanisms and related
phenomena is limited: therefore more researches are essential
to gain further insight.

Additionally, the changes in the tissue’s density should
also be considered, since they are strictly involved in the
shrinkage phenomenon observed during the MTA.
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Abstract—This paper investigates the induced electric field
distributions in a realistic human head model due to 16 coil
configurations. We used the scalar potential finite element
method differentiating the brain structures. We found that,
despite the presence of a depth-focality tradeoff, some coils are
able to reach subcortical white matter tracts at effective electric
field level.

1. INTRODUCTION

Transcranial magnetic stimulation (TMS) is a non-invasive
technique of neurostimulation based on the principle of
electromagnetic induction of an electric field in the brain [1].
This field is able to modulate the transmembrane potentials of
neuronal cells and, as a result, their activity. Recently, there
has been an increasing interest in extending the TMS to deep
brain region [2], with the consequences that new coils design
have been developed [3]. In the meantime, several clinical
studies showed that deep transcranial magnetic stimulation
(DTMS) could be more effective than TMS in treating a very
wide range of neurological, psychiatric and medical
conditions, e.g. major depressive disorder, schizophrenia,
bipolar depression, post-traumatic stress disorder, obsessive-
compulsive disorder and substance addictions [4]. The region
that is activated in the brain corresponding, approximately,
with the areas in which the induced electric field (E) is
maximum [3]. The location of these regions depends on the
coil geometry and on its position on the scalp. Thus, the
knowledge of the induced E distributions and the comparison
between the different configurations of coils are indispensable
in order to evaluate the experimental results and to optimize
the therapeutic treatments. Despite the increasingly interest in
this technique and the rising number of clinical applications
[4], little has been done so far to quantify the induced E
distributions in the brain due to different configuration of coil
used for DTMS. Indeed, until now, these distributions have
been estimated or using simplified head geometric models,
such as sphere [3], or considering each coil separately and
without a comparison among different coil configurations [5].
The aim of this study, therefore, consists in characterizing and
comparing the induced E distributions in the brain of a
realistic human head model by different configurations of
coils for TMS and DTMS by mean of quantitative and
comparative parameters.

II. MATERIALS AND METHODS
A. Coil designs

Fig. 1 shows the 16 different coil configurations modelled
in this study: two designs represent the references and are

constituted by the circular coil and the figure-8 coil, the other
14 are chosen because identified by the clinical literature as
the most effective for DTMS [3].
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Figure 1. 16 different coil configurations modelled divided into groups based
on common geometric characteristics and placed on the head of the
anatomical model “Ella”.
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They are composed of a group of coils characterized by
two pairs of figure-8 coil arranged according to different
orientations on the scalp (group 1), of the category of large
diameter circular coils (group 2), of the family of double cone
coils (group 3), formed by two large adjacent circular
windings fixed at different angles on the scalp, and of the
group of H coils (group 4), consisting of complex three-
dimensional pattern of windings [5], [6].

B. Simulations

The simulations were performed on the head of the realistic
anatomical model “Ella” (a 26-years old female), of the
Virtual Family [7]. The dielectric properties of each tissue
were assigned based on the literature data at low frequency
[8], [9]. Simulations were conducted using the magneto quasi-
static low-frequency solver of the simulation platform
SEMCAD X (by SPEAG, www.speag.com) [10]. With the
purpose to compare the different coils configurations, in all
the simulations a pulse current with amplitude of 1 A and a
frequency of 5 kHz were used.

C. Coil performance metrics

For each coil, the E distributions were computed and
analyzed in different brain structures. In each brain tissue, we
estimated the percentage of volume that had E values equal to
or greater than 10%-90% of the 99" percentile of the E
distribution in the cortex. We also evaluated the E penetration
depth by comparing the field values, normalized to the 99®
percentile of the cortical E, at the distances of 1 cm, 2 cm, 3
cm and 4 cm from the cortical surface both on frontal slices
common to all the coils and on the frontal slices in which each
coil reaches its maximum penetration depth. Moreover, we
estimated the average distance from the cortical surface of the
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50% of the 99 percentile of the E in the cortex of each coil
on the frontal and on the sagittal planes.

III. RESULTS

Fig. 2 shows some examples of the E distributions in the
brain due to some coils (i.e. the two reference coils and one
for each group of DTMS coil configurations).
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Figure 2. Surface distributions of the induced E in the cortex (1* row), white
matter (2" row) and cerebellum with deep brain tissues (3™ row) for the
reference coils and for one coil of each group. The field amplitudes are

normalized respect to the 99" percentile of the E distribution in the cortex.

In each panel the values are normalized with respect to the
99" percentile of the E distribution estimated on the cortex.
These panels clearly show that varying the coil configurations
induces variations in the E distributions in all the brain
structures. More interestingly, it shows that only few coils
(belonging to group 2 and 3) are able to reach deep brain
structures  (hippocampus, pons, midbrain, thalamus and
hypothalamus), with E values ranging between the 20-30% of
the maximum in the cortex.

As to the E penetration depth, Fig. 3 shows the trend of E
as a function of distance from the cortical surface for each
coil configuration.
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Figure 3. E values, normalized respect to the 99" percentile of the E
distribution in the cortex, at increasing distance from the cortical surface, for
the 16 coil configurations on the frontal slices in which each coil reaches its

maximum penetration depth.

The E values are normalized respect to the 99" percentile
of the E distribution in the cortex, evaluated for each coil
configuration. It can be seen that the rate of decay of E with
distance is significantly quicker for the reference coils,
especially for the circular coil, and for the coils of the first
group compared to the other configurations. In fact, the E
values of these first coils at a depth of 4 cm are equal to 30-
40% of the maximum and to 20% of the maximum for the
circular coil. The coils belonging to the second and to the

third group attenuate the degree of reduction of the induced E
with the increase of distance: the E values at a depth of 4 cm
are respectively equal on average to 55% and to 60% of the
maximum. At last, the E decay profile as a function of
distance from the cortical surface of the H coils (group 4) is
more slower than the references and than the first group, but
faster than the second and than the third group of coils.
Indeed, the E values at a depth of 4 cm ranging between 47%
and 55% of the maximum. In the case of the single circular
coil, the average distance from the cortical surface of the 50%
of the 99" percentile of the E evaluated in the cortex on
different frontal and sagittal planes is approximately equal to
2 cm. For the figure-8 coil and for the coils belonging to the
first group it is below 3 cm. The coils of the second group, on
the other hand, increase the average depth of the 50% of the
99% percentile of the E in the cortex, up to 3.5 cm. The coils
belonging to the third group are characterized by the highest
depth values, ranging between 3.5 cm and 4.5 cm, on both
planes. Finally, for the coils of the fourth group the average
depth on both the planes ranges between 3 cm and 3.5 cm.

IV. CONCLUSION

This study shows that some configurations (particularly the
H coils of group 4) result to be able to reach effective
stimulation of subcortical white matter tracts. On the contrary,
few coils are able to reach deeper brain structures with E
values greater than 20% of the maximum. In conclusion, this
study shows how the characterization of the E distributions
could play an important role in the optimization of the
geometry and of the position on the scalp of the coils and can
help clinicians in the choice of the coil more suitable to fulfil
the needs of a specific treatment.
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Summary - This paper investigates how normal variations in
anatomy may affect the current flow through the brain due to
transcranial direct current stimulation. This was done by
comparing the electric field and current density distributions
within the tissues obtained in human models of different age and
sex.

I INTRODUCTION

Transcranial direct current stimulation (tDCS) is a non-
invasive brain stimulation technique that utilizes low intensity
direct current to modulate brain excitability [1]. The
increasingly widespread use of this technique and the rising
number of clinical applications have boosted the interest in the
estimation of the levels of the electric quantities in the brain
tissues due to tDCS. As a consequences, there has been an
increase of publications aiming to quantify the spatial
distribution of the electric field (E) and of the current density
(J) within the human brain tissues during tDCS, [for a review,
see, 2-3]. Since the most of these studies are based on one
single head model, it is still unknown how and if the human
variability may affect the current flow through the tissues and
particularly in the brain.

Aim of this paper is to contribute in filling this gap in
knowledge, assessing the effect of the anthropometric
variables of the subject, of his/her morphological and
anatomical characteristics on the spatial distribution of E and
J within cortical and subcortical brain structures, considering
different electrode montages.

IT MATERIALS AND METHODS

Simulations were conducted using the simulation platform
SEMCAD X (by SPEAG, www.speag.com), solving the
Laplace equation to determine the electric potential
distribution inside all the human tissues.

Three realistic human models of the Virtual Family [4]
(“Ella”: a 26-years-old female; “Duke”: a 34 years-old male;
“Billie”: an 11 years old female) were used in the study. The
dielectric properties of the tissues were assigned on the basis
of the literature data at low frequency [5-6].

Four electrode montages were modeled: 1) Montage A: one
electrode was placed on F3 and one on F4, as in [7]; 2)
Montage B: one electrode was placed on T3 and the reference
on the right arm, as in [8]; 3) Montage C: two electrodes were
placed on C3 and C4, whereas the reference was on the right
arm, as in [9]; 4) Montage D: one electrode was placed on Fz
and the reference on the right tibia, as in [10]. In all the
electrode montages described above, F3, F4, T3, C3, C4 and

Fz were referred to the 10-20 EEG system. The potential
difference between the electrodes was adjusted to inject a total
current of 1 mA in all the four electrode montages. For all the
montages and the human models, the spatial amplitude
distributions of E and J were analyzed in cortical and
subcortical brain regions. For the gray and white matter, we
also calculated the percentage of volume where the amplitude
of E (or J) was greater than 70% or 50% of its peak. These
percentages of volume will be named in the following sections
as V70 or V50, respectively. To assess if there were any
significant changes in the percentage of volume V70 or V50
due to the human anatomical variability, the Kruskal-Wallis
one-way analysis of variance by ranks was performed. The
human model was the only factor with three levels (“Ella”,
“Duke” and “Billie”). If human model factor was significant, a
Mann-Whitney non-parametric post-hoc multiple comparison
test, with a Bonferroni adjustment to the criterion of
significance, was also performed to assess which pairs of
groups differ significantly from one another.

The influence of the human variability on the field values
was assessed evaluating the coefficient of variability (i.e., the
ratio between the standard deviation and the mean, expressed
in dB) among the models of both the peak and of the median
of E (Epeak and Epeqian) in the cortical and subcortical brain
regions, for all the electrode montages.

III. RESULTS

Figure 1 shows the normalized amplitude distribution of E
(or J) on different sections across the gray matter for the four
electrode montages using “Billie” as an example. A
qualitative comparison of these panels immediately indicates
that varying the electrodes montage induces different spatial
distribution of the amplitude of E (or J) in the gray matter.
Interestingly for all the models, the symmetric electrode
montages (Montage A and C) tend to have comparable
amplitude of E/J in both hemispheres, while the lateralized
electrode configuration (Montage B) generates higher
amplitude of E/J asymmetrically in one hemisphere only.
Similarly, configurations with anterior electrodes (Montage A
and D) induce higher amplitude of both E (and J) in the
anterior portion of the brain. The spread of the amplitude
distribution over the gray and white matter, quantified as V70
or V50 resulted very similar across the human models. Indeed,
statistical analysis on both V70 and V50 shows that the human
model factor was not statistically significant (p-value>0.05)
for all the electrode montages. The combination of human



model and electrode montage that shows the more focalized
spatial distribution of both E (and J) is always the Montage A
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Fig. 1 Brain sections across the gray matter of the spatial distribution of
the amplitude of E/J for “Billie” for all the four electrode montages. The
other tissues and brain regions have been masked of the images.

for any human model, whereas the electrodes montage
characterized by a more widespread spatial distribution of the
amplitude is Montage C.

To quantify the variation due to the human variability on
the field values, Table I reports the coefficient of variability
among the models (CV, in dB) of both the peak and of the
median values of E (Eyecx and Epegian), in different brain
regions for all the montages. The higher variability (up to
almost 6 dB) was found for the Montage A, while for the
Montages B-D the higher variability was about 3 dB
(Montage D, thalamus, CV of E,c.). Only for the Montage A,
the CV of Epe is lower than the CV for Epegian, With the
exception on the pons. On the contrary, for all the other
Montages B-D, the variability of the peak is always higher
than the one of the median, with the exception of the pons for
all the montages.

IV CONCLUSIONS

Results of this study showed that the general trend of the
spatial distributions of the field amplitude remains similar
among the different human models, varying the electrode
montages. However, the physical dimension of the subject and
his/her morphological and anatomical characteristics
somehow influence the detailed field distributions such as the
field values.

TABLEI
COEFFICIENT OF VARIABILITY (IN dB) OF THE PEAK AND OF THE MEDIAN OF E
DUE TO THE VARIATION OF THE HUMAN MODEL IN DIFFERENT BRAIN TISSUES.

CV of Eeax CV of Eedian
(dB) (dB)
Montage A
Cortex 3.96 4.93
White 4.27 5.07
Cerebellum 5.47 5.70
Pons 5.54 5.08
Midbrain 5.04 5.38
Medulla 4.76 5.42
Thalamus 5.83 6.03
Montage B
Cortex 1.49 0.43
White 2.10 0.27
Cerebellum 1.97 0.94
Pons 1.52 1.79
Midbrain 1.82 1.06
Medulla 222 1.07
Thalamus 1.40 0.68
Montage C
Cortex 1.23 0.08
White 1.50 0.26
Cerebellum 0.75 0.37
Pons 1.14 1.70
Midbrain 2.19 1.10
Medulla 2.21 1.23
Thalamus 2.37 1.03
Montage D
Cortex 1.70 0.74
White 1.91 0.72
Cerebellum 0.93 0.67
Pons 1.05 1.39
Midbrain 2.16 0.87
Medulla 2.38 1.57
Thalamus 2.95 0.79
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