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Charge Relaxation in Biological Tissues with Extremely High Permittivity

Luca Zilberti

Istituto Nazionale di Ricerca Metrologica, Torino 10135, Italy

Abstract—This letter presents a phenomenological model to describe charge relaxation (and the corresponding screening
effect) in biological tissues, i.e., lossy dielectrics where a non-negligible conductivity and an extremely high relative
permittivity (on the order of 50 x 10%) may coexist. This situation is very peculiar and is not treated in textbooks. The model
is used to study an open issue in electromagnetic dosimetry, namely the effect of charge relaxation on the motion-induced
electric fields in the bodies of the operators working in magnetic resonance imaging environments.

Index Terms—Biomagnetics, dielectric properties of biological tissues, motion-induced fields, magnetic resonance imaging.

I. INTRODUCTION

It is well known that charge separation occurs in conductors placed
within an external electric field Ey. In this case, free charges rearrange
themselves over the surface of the body, giving rise to surface charge
densities and creating a Coulombian field E , that tries to counteract
Ey. For good conductors, like copper, this charge relaxation process
requires a time interval on the order of 10 fs [Ashby 1975, Ohanian
1983, Gauthier 1985, Bochove 1990, Elliott 1993]. Thus, if E is static
or quasi-stationary, a complete screening (with a net field £y = 0 in-
side the body) is obtained in a time that, for many practical purposes, is
negligible. In case of perfect dielectrics, the material polarizes and the
dielectric dipoles oppose to Eq their own polarization field E,,. So,
depending on the relative permittivity &,, a partial shielding is obtained
(En # 0). Since most dielectrics exhibit a dispersive behavior with
frequency, the screening capability depends on the rate of change of
the applied field. The slower the dynamic is, the more the polarization
mechanisms develop [Elliott 1993, Martinsen 2002]. Between these
two extremes, we find lossy dielectrics, where the relaxation process
occurs with a time constant 7 given by the ratio between the absolute
permittivity ¢ and the electrical conductivity ¢ of the material [Oha-
nian 1983]. A special case for these materials is given by biological
tissues, to which, at very low frequency (around 1 Hz), an extremely
high permittivity (EHP) ¢, ~ 50 x 10° has been assigned [Polk 1996,
Gabricl 1996a, 1996b, 1996¢c, Kuang 1998, Martinsen 2002, Stoneman
2010, Cundin 2011]. These astonishing values come from experiments
affected by some technical difficulties (in particular, the polarization
of the electrodes used to perform the measurement of the impedance of
the biological sample) [Gabriel 1996¢, Kuang 1998, Stoneman 2010],
leading to high uncertainty levels. Nevertheless, extrapolations ob-
tained through dispersion models (that fit very well the more accurate
measurements in the radio-frequency band) are consistent with the
experiments [Gabriel 1996b]. Moreover, some interpretative theories,
which could explain the behavior (e.g., through the “counterion mech-
anism”), are available and the data do not infringe the bond given by
Kramers—Kronig relations [Polk 1996, Kuang 1998, Martinsen 2002,
Greenebaum 2006, Cundin 2011]. Thus, even if due caution must be
adopted before trusting such EHP, this feature becomes of interest
when studying human exposure to electromagnetic fields, and some
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technical standards have already adopted the EHP of biological tis-
sues (for example, International Electrotechnical Commission (IEC)
standard 62226-3-1 [2007] suggests an average &, = 10° for a human
body at 50 Hz). The impact of dielectric permittivity on the devel-
opment of electromagnetic induction inside a human body at low
frequency has been specitically investigated previously [Barchanski
2005, Zilberti 2015], and it was found that dielectric phenomena do
not provide a significant contribution when computing the Faradic in-
duced clecetric ficld. However, as mentioned by Jokela and Saunders
[2011], a lack of knowledge affects charge relaxation in biological
tissues, because an EHP leads to a non-vanishingly small time con-
stant (around 50 ms, considering a conductivity on the order of 10
mS/m) and it might delay the screening effect due to the rearrange-
ment of free charges against an external electric field. On the other
hand, thanks to the strong polarization, EHP may at the same time act
as a shield against the external field, hence giving rise to two opposite
effects. This situation is very peculiar and to the authors’ knowledge
it has never been analyzed in the literature, where attention is typ-
ically focused on good conductors or insulators having “ordinary”
permittivities.

The purpose of this paper is to propose a phenomenological model
able to describe the dynamics of charge relaxation in non-magnetic
lossy dielectrics with EHP, putting in evidence the evolution of the
net electric field inside the material. As an example of application, the
model is used to study an open problem in electromagnetic dosimetry:
the effect of charge relaxation on the electric fields induced in the
bodies of workers moving through the stray stationary magnetic field
of a magnetic resonance imaging (MRI) scanner.

II. PHENOMENOLOGICAL MODEL

The proposed model relies on a crucial assumption: the relevant
polarization mechanisms (as well as the changes of polarization across
time) occurs on a time scale much shorter than the relaxation time
constant v in EHP materials. Having postulated this requirement, the
following “step-by-step” procedure is adopted:

1) Given the harmonic spectrum (supposed to be quite narrow) of
the driving term E,, the corresponding values of permittivity
and conductivity for the material under examination are chosen.
Note that EHP is typically exhibited at very low frequency,
where parameter dispersion is almost negligible.
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2) At the starting instant, when E is switched on, the material
1s considered as a perfect dielectric. Thus, the polarization of
bound charges (quantified through ¢) occurs instantaneously as
areaction to Ey, creating the polarization field E,. This can be
done because, thanks to the previous step, the value of ¢ has been
selected as the effective permittivity exhibited by the material at
the frequency of interest. Hence, within the object (domain £2),
free charges now are exposed to the net field Ex = Eg + E,.

3) The conduction current density J = o E y is computed through
Ohm’s law. Its normal component J,, is then evaluated along the
mnner side of the bounding surface d£2 of the object.

4) The distribution of the surface charge density ¢ stored by J,
along 9€2 is computed after a suitably small time step Af, ac-
cording to the boundary condition J, = d¢/dr [Redzi¢ 2004a].

5) The Coulombian electric field E o produced by ¢ is calculated in
vacuo and summed to the value of E (which, in the meantime,
may have changed, according to its own time-behavior), to get
the “total” field £ 1, which takes into account both the externally
applied field and the field due to the migration of free charges
mnside £2.

6) Anupdated value of the net field E  is computed, as for point 2,
considering the dielectric material exposed now to Er, instead
of E.

7) The procedure (points 3 to 6) is repeated for increasing values of
time. Of course, when repeating point 4, the computation of ¢
does not start afresh, but the value obtained at the previous step
1s updated by adding (algebraically) the “new” charges stored
along 982 by J,.

Note that, in addition to the basic hypothesis of different time scales

for polarization and charge relaxation, the model assumes that the
induced currents are confined within £ (J = 0 in the external air).

Ill. ANALYTICAL SOLUTION

The proposed procedure could be implemented in a numerical way.
However, the availability of an analytical solution always provides
useful insights into the main features of the phenomenon. In order to
get such an analytical solution, we consider a homogeneous sphere
exposed to an external field Ey, which, in the absence of the sphere
itself, would be uniform and directed along the z-axis. The material
surrounding the sphere is vacuum, with permittivity g9. Under these
circumstances, it is well known [Stratton 1941] that, in the case of a
perfect dielectric material, a uniform net field

3E,

b e
< 2+e

ey
parallel to the “original” field E, establishes inside the sphere.

On the other hand, in the case of a sphere composed of a perfect
electric conductor, the redistribution of free charges gives rise to a
surface charge density that produces a field equal and opposite to E
inside the sphere and nullifies E . Such charge density is [Stratton
1941]

¢ (0) = 3ggEgcos 2)

where angle & indicates the colatitude, whose cosine is given by the
inner product between the unit vector of the z-axis, Z, and the outward
unit vector normal to the surface in the considered point. Note that ¢ is

negative in the hemisphere where the external field enters the surface,
positive in the other hemisphere and null on the equatorial plane. By
reversing the reasoning, a generic surface charge density with the same
spatial distribution (i.e., ¢ = ¢ cos 6) produces, within the spherical
volume, a uniform Coulombian field directed toward the negative z-
axis (i.e., opposite to Ey)

SM
Ep=—"-7.
Q 3802 (3)

If the sphere is composed of a non-magnetic material with con-
ductivity o and extremely high relative permittivity ¢, (leading to
a relatively long relaxation time constant t), the previous equations
can be exploited to carry on the proposed procedure analytically. At
the starting instant #;, when the external field is switched on, po-
larization takes place instantaneously, while charge relaxation has a
negligible influence. Thus, the net electric field Ex (1) = Ex (1) Z is
computed via (1) and results to be much weaker than E (). 1f the
conductivity and the rate of change of the field quantities are small
enough to avoid any skin effect, this net electric field drives a uni-
form current density, whosc component normal to the sphere surface
is J, (11) = 0 Ex (1) cos 6. Now, assuming that such current density
operates for a small time increment A¢ (much shorter than ), the
surface charge density stored along the surface of the sphere results to
be

¢ (12, 0) = J, (1) At = ¢y (12} coS O 4)

where r, = t; + At. This charge density produces a Coulombian field
E g (1) (in vacuo), parallel but opposite to Ey, as indicated by (3). So,
atthe second time step #2, the bound charges of the sphere experiences a
total field E 7 (i) = Eo () + E  (12), and a new step of computation
can start, replacing Fy with E; when applying relation (1). Note that
the balance Ey = E; + E, (instead of Ey = Ey+ E,) holds for
t > f, and the surface charge density must be updated as

) = € W) + Lt ) At (5)

V. APPLICATION TO MOTION-INDUCED FIELDS

As already mentioned, the analytical solution developed here is used
to study an open issue in the evaluation of motion-induced electric
fields due to the movement of a human body through the stray field of
an MRI scanner. At the first view, such problem has nothing to do with
the situation described above (exposure to a magnetic field, instead of
an electric field). However, the link between this practical problem and
the phenomenon of charge relaxation becomes evident if we recall that,
in a reference frame co-moving with the body, the current-carrying
wires producing the magnetic ficld appear to be charged [Rosser 1968].
Hence, the body feels exposed not only to a magnetic field, but also to
an electric field (actually, it would also be exposed to the electric fields
due to the voltages applied to the current-carrying wires, which have
a capacitive coupling; in our analysis, we do not focus the attention
on these electric fields, as if they were shielded). This situation can be
explained through a simple example of relativistic electromagnetism.

Letus consider two very long wires, parallel to the x-axis, laid at dis-
tance D, carrying equal hut opposite electric currents of amplitude 7.
Now consider a non-magnetic sphere, composed of a lossy dielectric
with EHP, located in the middle between the wires and translating
along the x-direction, at speed v. If the size of the sphere is small with
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respect to D, in a first approximation we can assume that it is exposed
to a uniform magnetic flux density [Feynman 1963]

B2 [MO g ©)

I
27 (D/z)]
where (o is the magnetic permeability of vacuum and ¥ is the unit
vector of the y-direction. Hence, in this example, B is perpendicular to
v. The current density flowing along the wires is uniform on their cross
section s (under the assumption of negligible Hall eftects mutually
produced by the conductors). Its magnitude is
' 1 _ B =#(D/2)
s W S

(The author is aware that a selt-induced Hall ettect is also present
within each wire [Matzek 1968, Peters 1985, Ilerndandez 1988,
Gabuzda 1993, Redzi¢ 2012], but, for the purpose of the paper, it

would not introducc any significant modification to the discussion).
As prescribed by relativity [Rosser 1968], the two wires appear to
be charged when observed from the reference frame of the moving

@)

sphere. Despite the very low speeds of interest for this paper, the
volume charge density is not negligible and can be computed as

vJy vBr (D/2) s
p = C—z =

®)

s
Note that we do not restrict the analysis to constant valuc of v, be-
cause, if the acceleration is relatively low, it is possible to work with
the “instantaneous rest frame” of the sphere [Van Bladel 1984]. The
corresponding charge density per unit of length is

A= ps =vBreg(D/)2). )

The sign of these charge densities is positive for the wire where the
electric current flows in the opposite direction with respect to v, and
negative for the other wire. In the reference frame of the moving sphere,
the two charged wires produce an “environmental” electric field. In
the middle between the two wires, the magnitude of this electric field
is [Feynman 1963]

"= 27e0 (D/2)

:| i=vxDB (10)
which, according to our approximation (sphere small with respect to
D), can be considered uniform in correspondence to the sphere.

This simple example reminds us that, in its co-moving reference
frame, the sphere experiences an externally applied electric field nu-
merically equal to the term v x B (i.e., the motional part of the
Lorentz force per unit of charge) computed by an observer at rest
with respect to the wires. Thus, the description of charge separation
developed for the exposure to an external electric field can be adopted,
ceteris paribus, also in the casc of motion through a stationary mag-
netic field. Note that, in our analysis, we have implicitly made use of
the so-called Galilean Magnetic Limit approximation, which does not
prescribe any transformation for B when passing from the reference
frame of the wires to that of the moving body [Le Bellac 1973, de
Montigny 2007, Heras 2010].

The deviation from local neutrality in a body moving through a
stationary magnetic field has been pointed out in some seminal ar-
ticles describing systems at equilibrium [LLorrain 1990, 1998, 2001,
RedZi¢ 2001]. Then, this aspect has been deepened in some very in-
teresting papers by Bringuier [2003, 2004], who discussed the steady-
state solution for conductors and perfect dielectrics, and by RedZi¢

[2002, 2004a, 2004b, 2010], who focused attention on good conduc-
tors, where dielectric currents are negligible and charge separation
occurs almost instantaneously. However, none of these papers deals
with lossy dielectrics having EHP, where the mixed screening effects
of the strong permittivity and of charge separation must be accounted
for at the same time.

Concerning the motion of a human body through a stationary mag-
netic field. specific computational techniques have been developed
to evaluate the induced electric field with a rotational nature (i.e.,
associated with a magnetic field that, due to motion, appears to be
time-varying in the reference frame of the body) [Cobos Sinchez
2009, 2013, Chiampi 2011, 2013, Laakso 2013, Trakic 2014]. Thesc
approaches are also able to compute, for any time instant, the distribu-
tion of charge density along the surface of the body, but they assume
that charge separation occurs instantaneously. In other words, these
computational tools would predict a net electric field equal to zero in
our example involving the sphere translating in a uniform magnetic
field (see [Cobos Sanchez 2012], Table 1). This solution correctly de-
scribes the steady-state situation of the sphere translating at constant
speed, when charge separation has concluded and the Coulombian
field due to the rearrangement of the free charges counterbalances the
Lorentz force perfectly. However, as already explained, T may not be
completely negligible in human tissues [Jokela 2011] and the corre-
sponding delay implies a non-zero net electric field under dynamic
conditions. A very preliminary attempt to quantify such a net field
was proposed in Zilberti [2013], but without taking into account the
screening effect due to polarization. Another step towards a realis-
tic description of motion-induced electric fields was done in Zilberti
[2015, 2016], which described formulations written in the co-moving
frame of the body taking into account the dielectric part of the induced
currents. However, also in these cases the effect of charge separation
was not observable, because the driving term was restricted to the
magnetic field (i.e., the source of the faradic induced field). with-
out considering that, in the adopted co-moving frame, the body feels
exposed to an additional electric field due to the “relativistic charges.”

To show a quantitative evaluation of E y in a biological tissue with
EHP, and, at the same time, to discuss the contribution of charge re-
laxation to motion-induced electric fields in MRI, we refer to a sphere
filled with a material corresponding to the gray matter of a human
brain. We imagine that the sphere translates along the x-axis, through
a stationary and uniform magnetic field (with B = 1 T) directed along
the y-axis. As shown by (6)—(10), in its own reference frame the sphere
experiences an electric field £y = EjZ, whose magnitude follows the
time behavior of v. This happens because B is stationary and we as-
sume that the currents induced in the biological material are too low to
perturb the distribution of B impressed by the external sources [Cobos
Sanchez 2009, 2012, 2013, Chiampi 2011, 2013, Laakso 2013, Trakic
2014, Zilberti 2015, 2016].

For this example, the speed profile has been chosen to be compati-
ble with normal human movement (Fig. 1). A Fourier decomposition
applied to v (¢) easily reveals that the harmonic content of this signal
(and therefore of the driving term Ey) is almost completely concen-
trated within 5 Hz. For this narrow frequency band, the 4th-order
Cole-Cole dispersion model typically used to obtain the dielectric
properties of biological tissues shows negligible dispersion of param-
eters and provides &, ~ 44.5 x 10° and o ~ 21 mS/m for gray matter
[Hasgall 2015], leading to 7 ~ 18.8 ms.
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Fig. 1. Speed profile adopted in the computation, involving an accel-
eration, a phase at uniform speed, and a deceleration that reduces the
speed to zero.
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Fig. 2. Time evolution of the field due to external sources (Eq) and
of the fields due to bound and free charges (£, and E g, respectively).
These latter are plotted with reversed sign to facilitate the comparison.

Fig. 2 shows the z-component (i.e., the only non-zero component)
of Eqy (which simply reflects the behavior of v), of the polarization
field E, = E,Z and of the Coulombian field E, = E 2, obtained by
applying the proposed computational procedure to the current example
(with At set to ©/100). In order to facilitate the comparison with the
magnitude of E, the z-component of both E, and E 4 is plotted with
areversed sign in this figure.

At the very first instants, E, reacts to Eq instantaneously, whereas
some inertia is exhibited by E . This latter quantity follows almost
perfectly the typical response of a first-order dynamical system, with
a time constant equal to 7 (note that this behavior was not explicitly
imposed in the phenomenological model). After the first instants, dur-
ing the acceleration phase, | Eg| chases Eg, while £, tends to saturate.
Then, during the phase at uniform speed, the magnitude of Eg prac-
tically reaches the one of Ey, and E, reduces 1o zero. This situation
complies with a steady-state (possible because the sphere, which has
a finite extent, translates at constant speed through a uniform field,
and does not experience any variation of B) when a perfect screen-
ing of the external field is obtained within the body and both the
conduction current density and the polarization must vanish [Red7ic¢
2004a]. Finally, during the deceleration phase, the free charges accu-
mulated along the external surface of the sphere go back to restore
local neutrality, but, owing to their delay with respect to the change of

E, (nV/m)
[
m
—=
m.m
Sy

-4+ E
“ \
-6
-8 ]
00 02 04 06 08 1.0 1.2
1 (s)

Fig. 3. Time evolution of the net electric field Ey due to the superpo-
sition of the other electric fields (sketched gualitatively in the insets).

Ey (1), the direction of the total field E7 is now reversed (i.e., it points
toward the negative z-axis) and therefore E, is also reversed.

Fig. 3 shows the time evolution of the z-component of the net field
Ex = Ex7 within the sphere. From a qualitative viewpoint, its be-
havior is the same as for the polarization (and also for the conduction
current density), with equilibrium plateaus joined by transient evo-
lutions having a time constant 7. What is interesting to note is that,
due to the combined shielding effect of free and bound charges, the
magnitude of the net field is always extremely small with respect to
Ey. In particular, even at the quite high flux density considered here
(B = 1T), the amplitude of E results to be many orders of magni-
tude smaller than the typical faradic electric fields induced inside a
human body moving through the stray field of an MRI scanner (around
100 mV/m, for the medical staff moving within the stray flux density
of a real MRI scanner, on the order of some hundreds of millitesla)
[Cobos Sanchez 2009, 2012, 2013, Chiampi 2011, 2013, Laakso 2013,
Trakic 2014, Zilberti 2015]. The results of the model scales linearly
with the value of the magnetic flux density and therefore these con-
siderations would not change by increasing the value of B.

In conclusion, the proposed example proves that, despite the rel-
atively long time interval nceded to obtain the migration of free
charges, the extremely high permittivity attributed to biological mate-
rials makes this net electric field a second order effect when dealing
with motion-induced electric fields in homogeneous objects. Further
investigations are required to check the validity of these results in the
case of heterogeneous structures, like a human body, where significant
parameter discontinuities may be present at internal boundaries.

During proofreading, the author learned of a paper in press, written
independently hy other researchers, which discusses the same subject
as the present article [Jokela 2016]. It addresses the problem through a
completely different approach but finds results in very good agreement
with those presented here. It additionally investigates the behavior of
heterogeneous structures.

ACKNOWLEDGMENT

The author cxpresscs his sincere gratitude to Dr. K. Jokcla, who inspirced this rescarch.
Useful discussions and support provided by Dr. O. Bottauscio and Prof. M. Chiampi during
the preparation of the paper are also gratefully acknowledged. This work was developed
under the European Metrology Research Programme (EVRP), grant number: HLL'06 Joint
Research Project (JRP) “Metrology for next-generation safety standards and equipment in
MRI” (2012-2015). EMRP is jointly funded by the EMRP participating countries within
EURAMET and the European Union.

SERENDIA-00084412

Ex. 2075-006

CX-2841C.6



REFERENCES

Ashby N (1975), “Relaxation of charge imbalances in conductors,” Am. J. Phys., vol. 43,
pp. 553 555, doi: 10.1119/1.9787.

Barchanski A, De Gersem H, Gjonaj E, Weiland T (2005), “Impact of the dis-
placement current on low-frequency electromagnetic fields computed using high-
resolution anatomy models,” Phys. Med. Biol., vol. 50, pp. N243-N249, doi:
10.1088/0031-9155/50/19/NO2.

Bochove E T, Walkup T F (1990), “A communication on cleetrical charge relaxation in
metals,” Am. J. Phys., vol. 58, pp. 131 134, doi: 10.1119/1.16220.

Bringuier E (2002), “Electrostatic charges in v x B fields and the phenomen of induc-
tion,” Eur. J. Phys., vol. 24, pp. 21-29, doi: 10.1088/0143-0807/24/1/304.

Bringuier E (2003), “Reply to RedZi¢’s comment: Electrostatic charges in v x B
fields without special relalivity,” Eur J. Phys., vol. 25, pp. L13-L15, doi:
10.1088/0143-0807/25/2/1.02.

Chiampi M, Zilberti L (2011), “Induction of electric field in human bodies moving near
MRI: An efficient BEM computational procedure,” IEEE Trans. Biom. Eng., vol. 58,
Pp. 2787-2793, doi: 10.1109/1BME.2011.2158315.

Chiampi M, Zilberti L (2013), “Reply to ‘Comments on induction of electric field in
human bodies moving near MRIL: An efficient BEM computational procedure,”” IEEE
Trans. Biom. Eng., vol. 60, pp. 882-883, doi: 10.1109/TBME.2012.2232295.

Cobos Sanchez C, Bowtell R W, Power H, Glover P, Marin L, Becker A A, Jones A

2009), “Forward electric field calculation using BEM for time-varying magnetic
field gradients and motion in strong static fields,” Eng. Anal. Bound. Elem., vol. 33,
pp. 10741088, doi: 10.1016/j.enganabound.2009.02.006.

Cobos Sdanchez C, Glover P, Power H, Bowtell R {2012), “Calculation of the electric field
resulting from human body rotation in a magnetic ficld,” Phys. Med. Biol., vol. 57,
pp- 4739-4753, doi: 10.1088/0031-9155/57/15/4739.

Cohos Sanchez C (2013), “Comments on ‘Induction of electric field in human badies
moving near MRL: An efficient BEM computational procedure,” [EEE {rans. Biom.
Eng., vol. 60, pp. 880-881, doi: 10.1109/TBME.2012.2228648.

Cundin L X (2011), “An electromagnetic model for biological tissue,” arXiv: 1112.4907.

De Montigny M, Rousseaux G (2007), “On some applications of Galilean electrodynamics
of moving bodies,” Am. J. Phys., vol. 75, pp. 984-992, doi: 10.1119/1.2772289.

Elliott R 8§ (1993), Flectromagnetics—History, Theory and Applications. Piscataway, NI,
USA: IEEE Press.

Feynman R P, Leighton R B, Sands M (1963), The Feynman Lectures on Physics. Boston,
MA, USA: Addison-Wesley.

Gabriel §, Lau R W, Gabriel C (1996a), “The dielectric properties of biological tissues:
IL Measurements in the frequency range of 10 Hz to 20 GHz.” Phys. Med. Biol.,
vol. 41, pp. 2251-2269, doi: 10.1088/0031-9155/41/11/002.

Gabriel S, Lau R W, Gabriel C (1996b), “The dielectric properties of biological tis-
sues: III. Parametric models for the dielectric specuum of tissues,” Phys. Med. Biol.,
vol. 41, pp. 2271-2293, doi: 10.1088/0031-9155/41/11/003.

Gabriel C, Gabriel S, Corthout E (1996¢), “The dielectric properties of biologi
cal tissues: I. Literature survey,” Phys. Med. Biol., vol. 41, pp. 2231-2249, doi:
10.1088/0031-9155/41/11/001.

Gabuzda D C (1993), “The charge densities in a current-carrying wire,” Am. J. Phys.,
vol. 61, pp. 360-362, doi: 10.1119/1.17271.

Gauthier N (1985), “Plasma oscillations and the breakdown of Ohm’s law in normal
conductors,” Am. J. Phys., vol. 53, pp. 789 790, doi: 10.1119/1.14322.

Greenebaum B, Barnes F S (2006), Handbook of Biological Effects of Electromagnetic
Fields. Boca Raton, FL, USA: CRC Press.

Hasgall P A, Di Gennaro F, Baumgartner C, Neufeld E, Gosselin M C, Payne D, Klin-
genbock A, Kuster N (2015), IT'IS Database for Thermal and Electromagnetic Param-
eters of Biological Tissues, Version 3.0, Sep. 1, 2015, doi: 10.13099/VIP21000-03-0.

Heras J A (2010), “The Galilean limits of Maxwell's equations,” Am. J. Phys., vol. 78,
pp. 1048-1055, doi: 10.1119/1.3442798.

Hernandez A, Valle M A, Aguirregabiria J M (1988), “Comment on ‘In what frame
is a cumrent-carrying conductor neutral?”” Am. J. Phys., vol. 156, p. 91, doi:
10.1119/1.15392.

International Elcctrotecchnical Commission (IEC) (2007), Exposure to Electric and Mag-
netic Fields in the Low and Intermediate Frequency Range—Metheds for Calculating
the Current Density and Internal Electric Field Induced in the Human Body, IEC
62226-3-1.

Jokela K, Saunders R D (2011), “Physiologic and dosimetric considerations for limiting
electric fields induced in the body by movemernt in a static magnetic field,” Health
Phys., vol. 100, pp. 641 653, doi: 10.1097/HP.0b013e318202ec7e.

Jokela K, Laakso I (2016), “Dielectric polarization transients in biological tis-
sue moving in a static magnetic field,” Bioelectromagnet., in press, doi:
10.1002/bem.21979.

Laakso I, Kannila S, Jokel K (2013), “Computational dosimetry of induced electric fields
during realistic movements in the vicinity of a 3 T MRI scanner,” Phys. Med. Biol.,
vol. 58, pp. 2625 2640, doi: 10.1088/0031 9155/58/8/2625.

Le Bellac M, Lévy-Leblond J M (1973), “Galilean electromagnetism,” Nuovo Cimento,
vol. 14B, pp. 217-233, doi: 10.1007/BF02895715.

Lorrain P (1990), “Electrostatic charges inv x B fields: The Faraday disk and the rotating
sphere,” Eur. J. Phys., vol. 11, pp. 94-98, doi: 10.1088/0143-0807/11/2/006.

Lorrain P, Mc Tavish J, Lorrain F (1998), “Magnetic fields in moving con-
ductors: Four simple examples,” Eur J. Phys, vol. 19, pp. 451 457,
doi: 10.1088/0143-0807/19/5/007.

Lorrain P (2001), “Electrostatic charges in v x B fields.” Eur. J. Phys.. vol. 22, pp.
1314, doi: 10.1088/0143-0807/22/1/102.

Martinsenn O G, Grimunes S, Schwan H P (2002), “Interface phenomena and dieleclric
propertics of biological tissue,” Encyclopedia of Surface and Colloid Science, vol. 20,
PP- 2643-2652.

Matzek M A, Russell B R (1968), “On the transverse electric field within a
conductor carrying a steady cumrent,” Am. J. Phys., vol. 36, pp. Y05-907,
doi: 10.1119/1.1974305.

Ohanian H C (1983), “On the approach to electro- and magneto-static equilibrium,” Am.
J. Phys., vol. 51, pp. 1020-1022, doi: 10.1119/1.13364.

Peters P C (1985), “In what frame is a current-carrying conductor neuwal?” Am. J. Phys.,
vol. 53, pp. 1165-1169, doi: 10.1119/1.14075.

Polk C, Postow E (1996), Handbook of Biological Effects of Electromagnetic Fields. Boca
Raton, FL, USA: CRC Press.

RedZié¢ D V (2001), “Comment on electrostatic charges in v x B fields,” Ear J. Phys.,
vol. 22, pp. L1-L2, doi: 10.1088/0143-0807/22/1/101.

Redzié D V (2002), “Electromagnetism of rotating conductors revisited,” Eur. J. Phys.,
vol. 23, pp. 127134, doi: 10.1088/0143-0807/23/2/306.

Redzié D V (2004a), “Conductors moving in magnetic fields: Approach to equilibrium.”
Eur. J. Phys., vol. 25, pp. 623-632, doi: 10.1088/0143-0807/25/5/005.

Redzié D V (2004b), “Electrostatic charges in w» x I3 fields: With
or without spceial relativity?” Eur J Phys, vol. 25, pp. L9-LI11,
doi: 10.1088/0143-0807/25/2/L.01.

Red7zi¢ D V (2010), “Fleciromagnetostatic charges and fields in a rotar-
ing conducting sphere.,” Prog. Electromagn. Res., vol. 110, pp. 383-401,
doi: 10.2528/PIER10100504.

Redzié D'V (2012), “Charges and fields in a current-carrying wire,” Eur: J. Phys., vol. 33,
pp- 513-523, doi: 10.1088/0143-0807/33/3/513.

Rosser W GV (1968), Classical Electromagnetism Via Relativity. London, U.K.: Butter-
warths.

Stoneman M R, Florescu M, Fox M P. Gregory W D, Hudetz A, Raicu V (2010),
“Non-Debye dielectric behavior and near-field interactions in biological tissues:
‘When suucture meets function,” J. Non-Crvst. Solids, vol. 356, pp. 772-776, doi:
10.1016/j.jnonerysol.2009.06.056.

Stratton J A (1941), Electromagnetic Theory. New York, NY, USA: McGraw-Hill.

Trakic A, T.iuT., Sanchez T.opez H, Zilberti T., Lin F, Crozier S (2014), “Numerical safety
study of currents induced in the patient during rotations in the static field produced
by ahybrid MRI-LINAC system,” IEEE Trans. Biom. Eng., vol. 61, pp. 784-793, doi:
10.1109/TBME.2013.2289924.

Van Bladel J (1984), Relativity and Engineering. Berlin, Germany: Springer Verlag.

Zilberti L, Chiampi M (2013), “A numerical survey of motion-induced electric
fields experienced by MRI operators,” Health Phys., vol. 105, pp. 498-511, doi:
10.1097/HP.0b013e3 1829b4aac.

Zilberti L, Bottauscio O, Chiampi M (2015), “Motion-induced fields in magnetic res-
onance imaging: Are the dielectric currents really negligible?” IEEE Magn. Lett.,
vol. 6, 1500104, doi: 10.1109/LMAG.2015.2429641.

Zilberti L, Bottauscio O, Chiampi M (2016), “A potential-based formulation for
motion-induced electric fields in MRI,” [EEE Trans. Magn., vol. 52, 5000304, doi:
10.1109/TMAG.2015.2474748.

SERENDIA-00084413

Ex. 2075-007

CX-2841C.7





