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An ambitious title? We come from afar..
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Alessandro Volta, 1832, Proc. 
R. Soc. Lond

J. Aldini, Essai sur Le 
Galvanisme, 1804

intrinsic source? outside source?

Simon Reif-Acherman, Proceedings of  The IEEE , Vol. 105, No. 2, 
February 2017 

⇒ d’Arsonval (1896), applied a coil surrounding the head, 
and induced phosphenes, vertigo, and syncope

Electromagnetics: bio since the origins….
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Galvani, 1791: De Viribus Electricitatis…



Bioelectromagnetics Nowadays
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Guidelines for limiting exposure based on the critical adverse health effect (1 °C heating)

for EMF frequencies 100 kHz to 10 MHz, from ICNIRP
(2010), were then added to the present set of basic restric-
tions, with the final set of basic restrictions given in
Tables 2–4. Reference levels were derived from those final
basic restrictions and are described in the “Reference
Levels” section, with details of how to treat multiple fre-
quency fields in terms of the restrictions in the “Simulta-
neous Exposure to Multiple Frequency Fields” section.
Contact current guidance is provided in the “Guidance for
Contact Currents”, and health considerations for occupa-
tional exposure are described in the “Risk Mitigations Con-
siderations for Occupational Exposure” section. To be
compliant with the present guidelines, for each exposure
quantity (e.g., E-field, H-field, SAR), and temporal and spatial
averaging condition, either the basic restriction or corre-
sponding reference level must be adhered to; compliance
with both is not required. Note that where restrictions
specify particular averaging intervals, ‘all’ such averaging
intervals must comply with the restrictions.

Basic Restrictions
Basic restriction values are provided in Tables 2–4 with

an overview of their derivation described below. As de-
scribed above, the basic restrictions from ICNIRP (2010)
for the frequency range 100 kHz to 10 MHz have not been
re-evaluated here; these are described in Table 4. Amore de-
tailed description of issues pertinent to the basic restrictions
is provided in Appendix A, in the “Relevant Biophysical
Mechanisms” section. Note that for the basic restrictions
described below, a pregnant woman is treated as a member
of the general public. This is because recent modeling sug-
gests that for both whole-body and local exposure scenar-
ios, exposure of the mother at the occupational basic
restrictions can lead to fetal exposures that exceed the gen-
eral public basic restrictions.

Whole-body average SAR (100 kHz to 300 GHz). As
described in the “Body core temperature” section, the
guidelines take a whole-body average SAR of 4 W kg−1,

Table 2. Basic restrictions for electromagnetic field exposure from 100 kHz to 300 GHz, for averaging intervals ≥6 min.a

Exposure
scenario Frequency range

Whole-body average
SAR (W kg−1)

Local Head/Torso
SAR (W kg−1)

Local Limb
SAR (W kg−1)

Local
Sab (W m−2)

Occupational 100 kHz to 6 GHz 0.4 10 20 NA

>6 to 300 GHz 0.4 NA NA 100

General public 100 kHz to 6 GHz 0.08 2 4 NA

>6 to 300 GHz 0.08 NA NA 20

aNote:
1. “NA” signifies “not applicable” and does not need to be taken into account when determining compliance.
2. Whole-body average SAR is to be averaged over 30 min.
3. Local SAR and Sab exposures are to be averaged over 6 min.
4. Local SAR is to be averaged over a 10-g cubic mass.
5. Local Sab is to be averaged over a square 4-cm2 surface area of the body. Above 30 GHz, an additional constraint is imposed, such that
exposure averaged over a square 1-cm2 surface area of the body is restricted to two times that of the 4-cm2 restriction.

Table 3. Basic restrictions for electromagnetic field exposure from 100 kHz to 300 GHz, for integrating intervals >0 to <6 min.a

Exposure scenario Frequency range
Local Head/Torso
SA (kJ kg−1)

Local Limb
SA (kJ kg−1) Local Uab (kJ m

−2)

Occupational 100 kHz to 400 MHz NA NA NA

>400 MHz to 6 GHz 3.6[0.05+0.95(t/360)0.5] 7.2[0.025+0.975(t/360)0.5] NA

>6 to 300 GHz NA NA 36[0.05+0.95(t/360)0.5]

General public 100 kHz to 400 MHz NA NA NA

>400 MHz to 6 GHz 0.72[0.05+0.95(t/360)0.5] 1.44[0.025+0.975(t/360)0.5] NA

>6 to 300 GHz NA NA 7.2[0.05+0.95(t/360)0.5]

aNote:
1. “NA” signifies “not applicable” and does not need to be taken into account when determining compliance.
2. t is time in seconds, and restrictions must be satisfied for all values of t between >0 and <360 s, regardless of the temporal characteristics of
the exposure itself.
3. Local SA is to be averaged over a 10-g cubic mass.
4. Local Uab is to be averaged over a square 4-cm

2 surface area of the body. Above 30 GHz, an additional constraint is imposed, such that ex-
posure averaged over a square 1-cm2 surface area of the body is restricted to 72[0.025+0.975(t/360)0.5] for occupational and 14.4[0.025+0.975
(t/360)0.5] for general public exposure.
5. Exposure from any pulse, group of pulses, or subgroup of pulses in a train, as well as from the summation of exposures (including non-pulsed
EMFs), delivered in t s, must not exceed these levels.

491ICNIRP Guidelines c ICNIRP

www.health-physics.com

ICNIRP and IEEE Guidelines⇒ The basic restrictions are based on 
established health effects and are INSIDE 
of  the exposed body

⇒ Reference levels are provided for practical
exposure assessment purposes to 
determine whether the basic restrictions
are likely to be exceeded and are OUTside
the exposed body.

Regulatory issues and policies
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i.e.: Incident E-field [V/m], 
Incident H-field [A/m], 
Incident Power density [W/m2], 

Reference levels, whole body, General Population

IEEE ICES, IEEE Std C95.1TM-2019, 
ICNIRP, HEALTH PHYS 118(5): 483–524; 2020 



INSIDE OUT: Contemporary dosimetry techniques
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• Specific, complex and detailed, MRI based including different tissues types
• Each tissue is specified with its electromagnetic characteristics, to the 

limits of  present knowledge. 
• VVQA (Verification, Validation, and Quality Assesment) procedure

Human and animal anatomical models are crucial components for dosimetric assessment
Exposure assessment: values of incident fields

INSIDE OUT

Jalilian et al., Env Res, 2019

https://itis.swiss/virtual-population/

Tognola et al., Bioelectromagnetics 
42:550--561 (2021) 



Scientific validation: a multilevel approach
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Requirements for reliable lab experiments

• Good practice in biological protocols
• Good practice in design, and characterization of  

devices
• Numerical and experimental dosimetry provided
• Accuracy in the integration with lab equipments
• Need to have a good statistical power
• Control and monitor of  temperature
• Need to arrange sham and blind
• Care in EM compatibility FAIR data and 

robust evidence
Findability, Accessibility, Interoperability, and Reusability

IEEE Standards Committee 95, 1999



Systematization and guidelines
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Paffi et al., IEEE Trans. Microw. Theory Tech., vol. 58, n. 10, 2010.

In vitro

Paffi et al., IEEE Trans. Microw. Theory Tech., vol. 61, n. 5, 2013.

In vivo

often modified
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Elicited APs in the nerveRESPONSE:

Observable: electrophysiological recordings; Sample: frog nerve; Usability: easy accessibility to the sample; Operating frequencies: up to 2 GHz; 
Signal integrity: down to a few ns long (R=0.92); Efficiency: ≈ 500 (V/m)/V; EMI: minimal coupling with the recording electrodes.

Casciola, et al., Cellular and Molecular Life Sciences, vol. 76, 2019.

One example: a real-time system for nerve stimulation
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Exposure system: Grounded CPW



Need of new dose models for microenvironments
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⇒ Sites cohabitation and consequent population co and multiple exposure 
⇒ New models capable of addressing the complexity and variability of real-life exposure setups, 

including the effects of not only down-link transmission but also up-link transmission by different 
sources (e.g. laptop, printers, tablets, and smartphones) 

⇒ Methods relaying on machine learning, genetic algorithms, neural networks

Elbasheir et al., IEEE ACCESS, 2022
Tognola et al., Bioelectromagnetics 
42:550--561 (2021) 



The new frequency band [24–100] GHz: what do we know 
about absorption?
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Penetration depth d decreases to mm–range in the frequency band of interest
⇒ Absorption becomes mainly superficial involving mostly the outer organs (i.e. skin 

and eyes)



What do we need: mesoscopic models of the skin
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Hair model Sweat Gland model Nerve model

Dosimetric results

NEED OF:

⇒ Reliable EM properties of  skin 
component in the range

⇒ Flexible/Stochastic modelling to take 
into account intra-subject variability 
(i.e. body regions) and inter-subject 
(e.g. age)

⇒ Setup of  experimental validation 
procedures

hair

Epidermis

Dermis

FatSweat gland
Nerve

Capillaries

figure from www.servier.com. 

Haider et al. , IEEE J Microwave, 2022

Haider et al. , IEEE J Microwave, 2022



We need to go even smaller: microdosimetry models
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GA model Mitocondria model Dosimetric results

NEED OF:
⇒ Reliable EM properties of  subcellular 

component in the frequency range
⇒ Flexible/Stochastic modelling to take 

into account shape variability
⇒ Experimental validation methods

z decreasing

3D Stem Cell modelConfocal images of 
Mesenchemial stem cells

figures produced
www.servier.com. 

VLD [W/m3]Haider et al. , IEEE J Microwave, 2021
Haider et al. , 2021

De Angelis et al., Frontiers in Bioeng. and Biotech., 2020



Which the putative targets?: molecular models
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Molecular results

NEED OF:
⇒ Proper and reliable molecular models 

of  targets with exp evidence
⇒ New techniques for analysis of  

massive data (all atoms  upto 250 GB)
⇒ Experimental validation methods

figures produced
www.servier.com. 
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FIG. 2. Colour-map representation of numerical water-density values as recorded covering the whole 100 ns simulation time, space, and electric-field intensity.
These data refer to the number of water molecules of the overall transmembrane protein h-AQP4, updating the counter after each simulation frame.

Equilibrium MD simulation indicates that local electric
field intensities in condensed phases are in the range of around
1.5–2.5 V/Å,74,75 giving rise to de facto “signal-to-noise”
ratios of around 300:1–100:1 for the intrinsic to applied fields
in the present work. Incidentally, the application of an elec-
tric field as strong as 0.02 V/Å is on the verge of induc-
ing (irreversible) electroporation in this system, leading to
the mechanical breakdown of the stabilising bilayer as well
as affecting the structural stability of the aquaporin protein
itself. For this reason, we do not seek to examine intensities
higher than 0.015 V/Å, as it would lead to a series of not-
inconsiderable side phenomena, when the goal of the present
work is to investigate water permeability in the linear-response,
non-porating régime. Field strengths in the 0.1–0.5 V/Å range
may be obtained routinely in the experiment by applications of
potentials of 1–5 kV onto tips of radius 10–100 nm.76 Although
the applied fields will have an important polarization effect
at the atomic level, CHARMM27 is a non-polarizable poten-
tial; therefore, the results presented will not account for this
effect. Despite this shortcoming, previous studies of English
et al.74–79 have shown that the effects on liquid water under
the influence of e/m-fields are described qualitatively com-
pared to using polarizable potentials. Apart from the matter
of polarizability per se, Gumbart et al.80 and Casciola et
al.81,82 have shown recently that the application of external
electric fields is theoretically valid for a proper description of

the membrane potential. The membrane’s structural stability
and integrity were not compromised in these in-field, NEMD
simulations.

C. Self-di�usivity

Using the Einstein approach,83 self-diffusivity coeffi-
cients of water molecules passing through each channel
may be estimated from their center-of-mass (COM) positions
via

D =
1
2

lim
t!1

⌦⇥
rz(t0 + t) � rz(t0)

⇤↵

t
(1)

from the mean square displacement (MSD) of those water
molecules which complete passage through the channel. In
addition to that for the overall pore, the MSD was defined sys-
tematically along each of the pores for sub-sections in ⇠3 Å
lengths in 6 Å-diameter sections along the channel (cf. Fig. 1),
with each sub-segment’s centre-line shifted along every 2 Å.
Naturally, this limits the maximum duration of the MSD in
each of the four channels (codified as A, B, C, and D), whether
on an overall-channel or sub-length basis, to allow for col-
lection of adequate statistics for all such pore-permeation
events. However, examination of log-log plots of each pores’
water overall MSD shows that the self-diffusivities do not
develop fully Fickian behavior, as one might expect: this phe-
nomenon has been studied before for confined water by Liu
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The first peak describes the structural organization of the first
hydration shell around a central Ow atom in the case of pure liquid
water; in particular, the first maximum, around 0.28 nm, corre-
sponds to the Ow-Ow average distance among the central oxygen
with its nearest neighbors, while the first minimum, around
0.33 nm, corresponds to the first hydration shell radius. The coor-
dination numbers Nc, defined as Nc ¼ 4pq

R r

0
r2gðrÞdr, were calcu-

lated by integration of the g(r) function from r = 0 nm to the
distance corresponding to the first local minimum, r = 0.33 nm.
This parameter provides the number of water molecules (number
of contacts) in the first solvation shell around the selected Ow. As
it is shown in Fig. 4 (red line), Nc = 4. These results are in agreement

with the experiments in the case of liquid water [62]. It is impor-
tant to stress that data reported in Fig. 4 refer to all the SPC water
molecules in the simulation box. To make sure that the water
molecules here considered behave as a pure water systemwe com-
pared the corresponding Nc values, obtaining no meaningful differ-
ences as reported in Fig. SI-3 (see Section B of the Supporting
Information).

To characterize the water dynamics, we need to identify, first,
the molecules protruding in the bilayer (see Fig. 5), distinguishing
them from water molecules that never will enter in the pore. To
identify water molecules, we used the VMD tool [63] by means
of the following procedure: starting from the finger observation,
we pick 12 molecules and create an index file containing the list

Fig. 2. Representation of the creation of a finger in the intact lipid bilayer through the identification of two states: initial state (intact bilayer) and finger state (hydrophobic
pore). Upper row polar heads explicitly showed in each leaflet, lower row hydrophobic chain representing the thick of the bilayer. Grey lines represent the acyl chains and
blue and tan points represent P8 and N4 atoms, respectively.

Fig. 3. Schematic 1 is a three-states Pore formation process, followed by a Schematic 2 representing the Poration state. Note that we consider the reaction irreversible.

P. Marracino, L. Caramazza, M. Montagna et al. Bioelectrochemistry 143 (2022) 107987
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Marracino et al., Bioelectrochem, 2022

Marracino et al., J. Chem. Phys. 2018

*Exp. evidence: Mai et al., Scientific Reports, 2020
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How to get ready in the next 3–5 years!
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Next Generation Integrated Sensing and Analytical System for 
Monitoring and Assessing Radiofrequency Electromagnetic Field 
Exposure and Health
Kick-off  Meeting: Heraklion, 19–21 July 2022
Consortium: 20 partners, 10 different countries

5G expOsure, causaL effects, and rIsk perception through citizen 
engagement
Kick-off  Meeting: Barcelona, 6-7 July 2022
Consortium: 22 partners, 12 different countries

Scientific-based Exposure and risk Assessment of  radiofrequency 
and mm-Wave systems from children to elderly (5G and Beyond)
Kick-off  Meeting: 12  July 2022
Consortium: 15 partners, 6 different countries

Exposure To electromAgnetic fIelds and plaNetary health
Kick-off  Meeting: 4-5 July 2022
Consortium: 12 partners, 6 different countries

“Exposure to EMF and 
health” 
(HORIZON-HLTH-
2021-ENVHLTH-02-01)
Funds: more than 30 
MEuros

Cluster on EMF and 
Health (CLUE-H)

Kick-off meeting
Thessaloniki, 
22 September 2022
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Wikipedia

figure from www.servier.com. 



Concluding Remarks
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ü Protection Guidelines (ICNIRP and IEEE) are based on critical adverse health 
effects and run on continuous literature surveillance 

ü Bioelectromagnetics evolved as multidisciplinary and multilevel research and relies 
on a virtuous wheel of “dry” and “wet” experiments

ü NEXT 5G/6G technologies will reopen the issue of biological effects
⇒ Further efforts will be needed to study exposure in the new band [24–100] GHz 
⇒ Power absorption mainly limited to the skin
⇒ Need of specific cell types microdosimetry models
⇒ Need of specific targets to identify and study

ü Large collaborative Cluster on EMF and Health is going to start originating from 
important EU fundings that called the scientific community to be prepared for 
answers

Bioelectromagnetics 2.0 is on the way



Mind the Gap: Generation  Bioelectromagnetics 2.0

2022 Italian URSI Annual Meeting, September 20-21, 2022, Catania, Italy 19

…La passione permette di sopportare amarezze e rinunce che l'ambizione non 
giustificherebbe in alcun modo.….                                                Enzo Ferrari

Micol Colella Laura Caramazza Sara Fontana

Noemi Dolciotti

Alessandra Paffi

Simona D’Agostino


