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Abstract: In this paper, a numerical procedure for the analysis of peripheral nerve excitation through magnetic stimula-
tion is presented and used to investigate the physical parameters influencing stimulation. The finite difference technique is
used to evaluate the electric field distribution induced inside an arm by the current flowing through a coil, and a nonlinear
cable model is used to describe the response of the nerve fiber to the induced electric field. The comparison among several
forearm structures has evidenced that the heterogeneous non dispersive forearm model is a good reference condition. With
this model, the lowest charging voltage on the stimulator capacitance, able to produce the nerve stimulation, is achieved
when the coil is shifted, with respect to the nerve, of a quantity slightly lower than the coil radius but it is also possible to
excite the nerve fiber by applying a shift equal to zero. The charging voltage increases when the coil radius is increased
and when a three-dimensional coil geometry is considered. Moreover, this voltage is strongly dependent on the nerve po-
sition inside the forearm and on the kind of tissue surrounding the nerve.
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INTRODUCTION

The possibility to excite peripheral nerves by magnetic
stimulation (PMS) has been clinically demonstrated for the
first time by Polson et al. [1]. Since then, this technique has
gained a growing significance in clinical medicine, particu-
larly in the determination of peripheral nerve conduction
times [2]. Magnetic stimulation has some advantages in
comparison with the conventional electrical stimulation. For
example with PMS it is possible to stimulate nerves inside
arms, inducing only low current densities through the skin
where pain receptors are located [3]. However, some disad-
vantages are present too: the stimulator experimental set-up
is quite expensive, the frequency of the stimulus repetition is
low, and there is uncertainty regarding the exact point where
stimulation takes place [2,4].

A wide literature exists about peripheral nerve magnetic
stimulation. Some works considered the electromagnetic
problem of evaluating the electric field and its spatial deri-
vate induced within a tissue by currents circulating in coils
of different shapes [5-15]. Other authors studied the effect of
the field distribution on the excitation of nervous fibers [16-
23].

The electric field inside a homogeneous cylindrical tissue
induced by a circular coil was evaluated by summing the
contribution arising from the vector potential (produced by
the current in the coil) [5] and from the scalar potential
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(produced by the charges accumulated on the surface of the
cylinder) [6]. In particular, Roth et al. [5] showed that the
maximum electric field intensity induced on the nerve is
reached when the circular coil is placed tangential to the sur-
face of the nerve itself. The evaluation of the electric field
and its spatial derivate produced in an arm by a current flow-
ing through the wire of a circular coil was performed using
elliptic integrals [7], by considering the exact solution for
pseudo cylindrical structures [8], by a summation of modi-
fied Bessel functions [9, 10], by an equivalent electric net-
work derived by Maxwell’s equations [11-13] and through a
three-dimensional finite element (FEM) model [14]. D’inzeo
et al. [15] have performed a comparative study between the
techniques proposed in [9] and [13]. The two techniques
gave results in a good agreement. The study has confirmed
the usefulness of the analytical technique in the optimization
of the stimulation coils and the capability of the numerical
method to analyze complex geometries.

Regarding the stimulation effects of the field on the
nervous fiber, the first work in this direction was presented
by Mc Neal [16]. He described the behavior of a myelinated
nerve, modeled with 21 nodes of Ranvier, in presence of an
electrical stimulation. The stimulation took place only in the
central node modeled by the Frankenauser-Huxley’s equa-
tion [17]. The author showed that the nerve can be excited
when an electric field gradient is present along its axis.
Basser and Roth [18] have extended Mc Neal’s work to the
magnetic stimulation. The magnetic stimulation of neuronal
structures of finite length with all the nodes of Ranvier active
was analyzed [19, 20] using a new model for the Ranvier’s
node of mammalian [21]. The Authors showed that the stim-
ulation depends on two main factors: the electric field de-
rivative along the nerve and the electric field at the bounda-
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ries of the structure [20]. If the length of the fiber is greater
than the spatial extent of the induced fields, the stimulation
is only given by the electric field derivative, otherwise the
electric field at the boundaries must be considered too. More
recently, a commercial simulation environment called NEU-
RON [22] has been used to investigate the magnetic stimula-
tion of central nervous system neurons [23]. The simulations
indicated that the peak amplitude of the stimulation, required
for the generation of an action potential, is inversely propor-
tional to the square of the fiber’s diameter.

All the cited works have addressed the problem of mag-
netic stimulation either from the source to the activating
function or from the activating current pulse to the nerve
excitation. No attempt has been done to integrate the elec-
tromagnetic solution with the electrophysiological one.

In this paper, the magnetic stimulation of peripheral
nerves is studied, starting from the stimulator characteristics
up to the dynamics of the nervous fiber excitation in order to
investigate the physical mechanisms underlying the nerve
excitation. In particular, the analysis will be carried out for
different anatomical limb models, coil dimensions, and nerve
geometries and positions.

METHODS
Model of the Forearm

For investigating the influence of the art geometry and
tissue properties in PMS, various art models have been con-
sidered. All the models have been obtained using cross-
sections of the right forearm of the “Visible Human Project”
representing an anatomical data base in electronic format
[24]. In particular, two arm geometries have been consid-
ered: the first is obtained by superimposing 59 identical lay-
ers corresponding to a forearm section at the level of the
third proximal (cylindrical arm model: C-ARM) (see Fig. 1);
and in the second, the real anatomical structure is obtained
superimposing 59 different sections from the wrist to the
third proximal (anatomical arm model: A-ARM). In both
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cases, a cubic cell model with a 2.5 mm side has been ob-
tained.

Concerning the arm tissues, an homogeneous structure
(HOM), an heterogeneous structure (see Fig. 1a) whose tis-
sues have non-dispersive properties (HET-ND) and an heter-
ogeneous structure whose tissues have dispersive properties
(HET-D) have been considered. Moreover, for comparison
purposes, a semi indefinite half-space has also been taken
into account. In conclusion, six models will be studied: a half
space (UNBOUNDED), a cylindrical homogeneous arm (C-
ARM-HOM), a cylindrical heterogeneous non dispersive
arm (C-ARM-HET-ND), a cylindrical heterogeneous disper-
sive arm (C-ARM-HET-D), an anatomical heterogeneous
non dispersive arm (A-ARM-HET-ND), and an anatomical
heterogeneous dispersive arm (A-ARM-HET-D).

The conductivity and permittivity values used for the arm
tissues have been taken from [25-28]. For the conductivity,
the frequency dependence has been neglected while for the
permittivity the frequency dependence has been taken into
account by the equation: ¢ =10"/"%" _ This expression

yields a good interpolation of the experimental data from
[25], for frequencies from DC to about 10 MHz. The con-
ductivity, o, and  parameter values, used in this work, are
reported in Table 1. For muscle and nerve tissues, different
values have been considered for the transversal and longitu-
dinal conductivity and permittivity.

Model of the Stimulator

The stimulator has been modeled by a 40 turn circular
coil with radius "r". The coil center is placed at a distance
"D" from the x-axis and "t" from the y-axis (see Fig. 1).

The magnetic stimulator equivalent electric circuit is a
series RLC circuit. The inductance value can be approximat-
ed using the following equation valid for a circular coil with
N turns and conductor radius equal to “b” [29]:
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Fig. (1). Arm-coil geometry and positioning for the stimulation of the median nerve: horizontal (a) and vertical (b) sections.
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Table 1. Conductivity and Permittivity Values of the Considered Tissues
Tissue Transversal Conduc- Permittivity Longitudinal Conduc- Permittivity
tivity (S/m) a B tivity (S/m) a B
Air 0.0 - - 0.0 - -
Skin 0.0002 6.5 05 0.0002 6.5 0.5
Fat 0.02 6.0 05 0.02 6.0 0.5
Muscle 0.08 8.0 0.75 0.3 6.5 0.5
Bone 0.02 4.0 0.33 0.02 40 0.33
Tendon 0.4 4.0 0.33 0.4 40 0.33
Nerve 0.05 6.0 05 0.5 6.0 0.5
L Nzﬂ{ln (gj_z" O dv, _d,Az [vnl—zv2 Vo, Euna— Emlj_i
b ] dt  4pc.| Az Az C, (4)
The coil current is generated by the discharge of a ca- |:gNAm2h(Vn ~Via )+ 90 (Vo - V0 )J
pacitor (C = 200uF) initially charged at the voltage V,. The where Az=1,,

circuit is designed to have an over damped current behavior
(5:§E>1 ). In this situation, the current has the follow-

ing time behavior:

. V, . faf .
i=—2-e" = —1|sinh(wt 2
where:
R RY 1
w=— and @, =, || — | —— 3
1Ty T (2Lj LC )

In the simulations, a 40 turns coil with a radius equal to
40 mm and an inductance L=323 uH has generally been con-
sidered. The stimulator capacitance and coil resistance have
been fixed to C=200 pF, and R=2.694 Q, respectively, thus
giving rise to an over damped current behavior with 6=1.06.
Under these conditions, all the parameters in Eqg. 2 are de-
fined except the voltage V,. Therefore, in the following
study, the stimulation of the nerve membrane will be related
to this parameter (threshold voltage).

Model of the Myelinic Axon

A myelinated fiber consists of a series of segments of
active membrane of length "I," and diameter "d," (nodes of
Ranvier), which are joined by passive segment of length "l,"
and diameter "d," covered by myelin (see Fig. 2a). The
equivalent circuit for the fiber is given in Fig. (2b). The
Ranvier node is modeled as proposed in [18] and the passive
segments are modeled with axial conductances. The circuit
parameters, with their definitions and values, are reported in
the inset in Fig. (2a).

By applying Kirchhoff law for the currents to the generic
node “n” in Fig. (2b), the following differential equation is
obtained:

Two additional differential equations with nonlinear co-
efficients are necessary to evaluate the activation and inacti-
vation variables “m” and “h” [18]. For each node this set of
three differential equations with appropriate initial condi-
tions has been solved using the Runge-Kutta numerical
method [30]. It can be noted that in Eq. 4 the second term
inside parenthesis is proportional to the z-derivative, evalu-
ated at each node of Ranvier, of the z-component of the elec-
tric field (E,, (t) ). This term is responsible for the nerve
excitation and it is often called “activation function” [20].

Electromagnetic Model

In order to study the EM field distribution inside the
forearm, the finite difference technique has been used [13].
This method is based on the discretization of Maxwell’s
equations under the hypothesis of quasi-static conditions.
The region to be studied is divided in homogeneous cells of
sides AX, Ay, Az, centered in (X,y,z). A tridimensional star of

admittances (YX,,YXHYV,,YYHYZ,,Yf ), whose values depend

on the dielectric properties of the tissues, and of generators

(r 0 0 b 1 1), related to the vector potential
mx mx my my mz mz

components, is associated to each cell. As an example, the
Y. admittance and | . generator are given by:

20.0.., AyAz
_ 290 _Zx 1 = joAXY A, (5)

Y.==

GX +O—X+AX
where o, represents the complex conductivity at the center
of the cell centered in x, and A. is the x-component of the
vector potential on the face between the cell centered in x
and x+Ax. Similar expressions stand for the other admittanc-

es and generators.

Applying Kirchhoff’s law to the nodes of the circuit, the
following equation is obtained:
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Fig. (2). Sketch of a myelinated fiber and parameter definitions (a), equivalent circuit of the fiber (b).
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_Yx,ijcoAx, +YX+ijmAXJr —Yy,ijwAy, +YY+ijOJAy+

7YZ_ Az joA,_ +Y4+ Az joA J
(6)

The resulting linear system of N equations in N un-
knowns can be solved iteratively using an over relaxation
technique:

V(X y,z)=V"(X, y,z)+;/[VX’y'Z -V (x, y,z)] (7

where V™(x,y,z) and V" (x,y,z) are the potentials at the
node (x,y,z) for the iterations (n+1) and n respectively
while vy is the relaxation constant whose values can range
between 1 and 2. The procedure stops when an established
tolerance condition is met.

For a coil with N turns and a constant current I, the vec-
tor potential in Eq. 6 can be evaluated by approximating the
coil with a 64-sided polygon of length dl and summing the
contributions of each side as follows:

_,LllN 64 ﬂ
472' i=1 I

A(x,y,z) (®)

where rj represents the distance between the current element
dl; and the point (x,y,z).

Block Scheme of the Magnetic Stimulation

For studying the magnetic stimulation of peripheral
nerves the block scheme shown in Fig. (3) has been fol-
lowed.

The magnetic stimulator is composed by a coil connected
to a capacitor charged to a voltage (V) of the order of some
kV. The charge accumulated on the capacitor is discharged
through the coil and gives rise to the current i(t). The Hy(f)
functions correlate the behavior of the coil current in the
frequency domain (I(f)) to the electric field derivative along
the nervous fiber (E;n(f):aEg—(f)) in a given number (n)

z
of nodal points (the Ranvier nodes of the myelinated fiber).
These functions are evaluated by solving the electromagnetic
problem with the finite difference technique. The electric
aEZI‘I (t)
oz

field derivatives in time domain (E,, (t)= ) provide

the excitation for the model of the nervous fiber. Solving the
nonlinear coefficients partial derivatives equations of the
fiber model, the membrane potential time behavior V,(t) in
the nodal points is obtained. In the proposed procedure, the
voltage V, is set to an initial value equal to zero and then
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Fig. (3). Block scheme of the proposed magnetic stimulation procedure.

increased by 10 V steps until reaching the voltage (thresh-
old) where the action potential is generated along the fiber.

RESULTS AND DISCUSSIONS
Influence of the Forearm Tissues and Geometry

A first set of simulations has been performed in order to
evaluate the influence of the forearm tissues and geometry
on the magnetic stimulation of the median nerve. In these
simulations, the coil has been assumed with all the turns hav-
ing the same position and radius and has been placed at a
distance of 5 mm from the skin surface, while the nerve is
placed 5 mm under the skin surface. Moreover, as suggested
in [15], in order to optimize the stimulation the coil is shifted
along the negative x-axis of the coordinate system of a quan-
tity t=r (see Fig. 1).

By applying the previously described procedure (see
Fig. 3), the threshold voltages have been evaluated for the
six considered forearm models. The obtained results are
shown in Table 2.

The lowest threshold value is obtained for the unbounded
medium, while the highest one for the heterogeneous non
dispersive cylindrical arm.

In order to understand the physical rationale at the basis
of the results reported in Table 2, the electric field derivative
E, (f) obtained by applying to the coil a current of 1 A at

the frequency f; = 50 Hz has been evaluated as a function of
the position along the fiber. The obtained results are reported

in Fig. (4). Note that the E, (f,) function takes complex
values and only the coefficient of the imaginary part is re-
ported in the figure. It is worth noting that for all the non-
dispersive forearm models, the behavior of E, (f) at fre-
quencies different from 50 Hz is similar to that reported in
Fig. (4) with an amplitude scaling factor given by f/50.

When considering the UNBOUNDED situation only the
vector potential (related to the current in the coil by Eq. 8)
contributes to the electric field derivative (E,, in Fig. 4).

Since, in order to excite the nerve membrane, negative val-
ues of the electric field derivative are necessary (see Eq. 4),
the nerve excitation starts in correspondence of the negative
peak of the curve in Fig. (4) at the node 41.

By considering the cylindrical homogeneous model (C-
ARM HOM), the current induced in the tissue by the mag-
netic field produced by the coil, flowing towards the air tis-
sue interface, gives rise to a charge accumulation that in
turns produces a scalar potential distribution and, hence an
additional contribution to the electric field (Ey = - VV). The
total electric field is: E = Ep + Ey = -joA - VV, while the
activation function, that is the total electric field derivative

2
along the nerve (z) axisis: E,=E,, + E,, =— ] a)%—% :

For the homogeneous case, Fig. (4) shows the total field
derivative E,, and the corresponding two contributions:

E,,o is the same as in the unbounded situation ( E,, ) while
E;VO has lower amplitude and is opposite with respect to

E,, . Therefore a reduction in the absolute value of the total

electric field derivative with reference to the unbounded sit-
uation is obtained that in turn gives rise to a reduction of the
excitation term in Eq. 4. In conclusion it is necessary to ap-
ply higher voltage values to the capacitor of the stimulator,
with respect to the unbounded situation, to give rise to the
nerve excitation (see Table 2, second column).

If the heterogeneous non dispersive structure of the fore-
arm is taken into account (C-ARM HET-ND), a further in-
crease in the voltage can be observed (Table 2, third col-
umn). In this case, in fact, due to the anatomy considered for
the forearm, which takes in to account six different tissues
(see Fig. 1a), an E, . contribution higher than in the homo-
geneous case is obtained (see Fig. 4): this produces a further
reduction of the total electric field derivative ( E. in Fig. 4).
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Fig. (4). Electric field derivatives, evaluated at the frequency f;=50 Hz, as a function of the position along the nerve (A= unbounded,

O=homogeneous, E=heterogeneous, D=dispersive).

Figure (4)

Table 2.  Voltage Threshold for the Different Forearm Models
UNBOUNDED C-ARM-HOM C-ARM-HET-ND | C-ARM-HET-D | A-ARM-HET-ND | A-ARM-HET-D
Vo (V) 2850 3240 3635 3795 3595

In the previous cases, the H,(f) functions have been eval-
uated only at the frequency of 50 Hz and the frequency be-
havior has been linearly extrapolated. When the heterogene-
ous dispersive model is taken into account (C-ARM HET-D)
the H,(f) functions vary non-linearly with the frequency.
This dependence has been evaluated by computing the H,(f)
functions at 37 frequencies chosen in the range between 50
Hz and 500 kHz (from 50 to 500 step 50; from 1.000 to
5.000 step 500; from 10.000 to 50.000 step 5.000; from
100.000 to 500.000 step 50.000; all values in Hz) and by
interpolating linearly between the obtained values. The ob-

tained E;D are complex functions and only the imaginary
part is reported in Fig. (4). In this case, a slight decrease in
the voltage threshold is obtained (see Table 2 forth column).
In order to understand the differences in the results ob-
tained between the non-dispersive and dispersive situations,
the frequency behavior of E,, (real and imaginary part)

together with the frequency behavior of E,,. and E,, has
been plotted in Fig. (5). The figure outlines that the imagi-
nary part of E,, is closeto E,. atlow frequencies and

tends to E,,, at high frequencies. In a qualitative way, this

result can be explained observing that the introduction of the
capacitors (related to the tissue permittivity) in the electric
model of the forearm partially short-circuits the
conductances (in particular when the frequency increases)
and brings the structure towards the homogeneous situation.

In the anatomical models (A-ARM-HET-ND and A-
ARM-HET-D), the nerve changes its coordinate in the x-y
plane when varying the section along the z axis. In both cas-

es, the computed V, values are close to that obtained with
the heterogeneous non dispersive model (see Table 2 fifth
and sixth column).

In conclusion, on the basis of the performed study, the
heterogeneous non dispersive model of the arm represents a
good compromise between the computational time (about
forty times higher for the dispersive models) and the accura-
cy of the results.

With reference to this case, Fig. (6a) shows the time be-
havior of the current in the coil (r=40 mm, L=323 pH,
R=2.694 Q, C=200 pF) when the threshold voltage for this
configuration (3840 V) is applied. The peak value
(Imax=1068 A) is reached 149 us after the beginning of the
capacitor discharge. The obtained peak current value is com-
patible with specifications of commercial stimulators [31].

Using the previously described procedure (see Fig. 1),
the E, (t) time behavior at each node of the fiber can be

evaluated. As an example, Fig. (6b) shows this behavior in
correspondence of the node where the derivative has its
highest value (excitation point). The curve shows a negative

peak (E, (t),. ) followed by a lower positive overshoot.

The E,,(t) time behavior is proportional to the time deriva-
tive of the coil current reported in Fig. (6a). This is due to
the fact that the electric field in the tissue is related to the
time derivative of the vector potential that, in turns, depends
on the coil current. Concerning the E, (t) amplitude, this
depends on the coil current and on the spatial E, field varia-
tions that are mainly due to the coil geometry.
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Fig. (6). Time behavior of the current in the coil (a), and time behavior of the electric field derivative induced inside the tissue (b).

Effect of the Coil Shift

In all the previous simulations, the shift ('t' in Fig. 1) has
been considered equal to the coil radius (r) since this value
has been generally considered as the optimum one [18]. To
verify this assumption, the voltage V, has been evaluated as
a function of the shift. Fig. (7) shows the results for the un-
bounded medium and for the heterogeneous non dispersive
arm. From the figure, it appears that the optimal shift does
not exactly correspond to the coil radius (r = 40 mm) but is
slightly lower (t = 35 mm).

It is interesting to note that in the unbounded situation,
when considering a shift equal to zero, the nerve is placed in
front of the coil center and the electric field derivative at the
nerve position is equal to zero, hence the threshold voltage
goes to infinity. On the contrary, in the case of the heteroge-
neous arm, it is possible to excite a nerve fiber by applying a
shift equal to zero. This result is due to the presence of the

E,, term and has also been observed experimentally [32,

33].
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In particular, Ruohonen et al. [32] have justified the exci-
tation of a nerve fiber, exposed to a field giving rise to

E, =0, by suggesting that the electric field components

perpendicular to the nerve were responsible for the nerve
excitation. Kobayashi et al. [33] have presented a mathemat-
ical model based on the finite element method predicting the
excitation of a nerve fiber at the center of a figure eight coil
(where E;A =0) due to the presence of a tissue inhomogenei-
ty. Our analysis confirms this last result in the case of a cir-
cular coil and in the presence of a realistic anatomical model.
In order to better clarify the results obtained with the ana-
tomical model when the coil is shifted of t = 0, the distribu-

Shift (mm)

tions of the electric field derivative have been computed, at
the frequency of 50 Hz, on a semi-cylindrical surface passing

through the nerve fiber. In particular E., E, ., and E,, are
reported in Figs. (8a, 8b and 8c) respectively.

Fig. (8a) outlines the presence of high values of E;E in
correspondence of the nerve (angle equal to 90°). Particular-
ly in this case, only E,,. contributes to the electric field de-

rivative (see Fig. 8b) since E;A is null in correspondence of

the nerve position (see Fig. 8c). It is worth noting that in this
case the fiber excitation takes place in the upper part of the
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@

100 150
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(b) ©

Fig. (8). Contour plots of the electric field derivatives on a cylindrical surface containing the nerve. (a) electric field derivative ( E‘zE ); (b)

contribution due to the scalar potential ( Ex/g ); (c) contribution due to the vector potential (E,p ).
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nerve where negative values of E,. are present, while when

the E,, is the prevailing contribution the excitation takes
place in the lower part of the nerve (see Fig. 4).

Effect of Coil Radius and Geometry

In order to evaluate the effect of the coil radius on the
threshold voltage, the proposed procedure has been applied
by varying the radius between 20 and 60 mm (see Fig. 9:
Ideal coil). The obtained results show that by increasing the
coil radius the threshold voltage increases.

To investigate the rationale at the basis of the obtained
behavior, the heterogeneous forearm model has been consid-
ered by fixing the capacitor's voltage at the value of 3840 V
and by varying the coil radius in the defined range. In this
manner, the effect of the voltage applied to the stimulator is
the same for all the radii and only the other stimulator pa-

rameters determine the variations in the E,(t),, value (see

Fig. 6), that is the main factor responsible for the nerve acti-
vation.

The obtained results have shown that by increasing the
coil radius both E, (f,),,x and "L" increase. This last in-

crease determines in turn a reduction in the peak of the coil
current (Iyax) (see Eq. 2) and also of its derivative. This last

effect is dominant, therefore E, (t),. reduces when in-

creasing the radius of the coil and hence higher voltages are
necessary for inducing the nerve excitation.

With reference to the considered arm, the effect of the
finite diameter of the coil wires has also been studied. As a
first approximation, this problem has been addressed by con-
sidering the various turns with a different radius and at a
different distance (D in Fig. 1) from the center of the refer-
ence system. In particular, a coil made of 40 turns placed on
5 layers has been considered; the wire diameter has been
supposed equal to 2 mm. The obtained voltage thresholds are
reported in Fig. (9) (Real coil) showing an increase in the
voltage V, with respect to the ideal situation (all the turns
with the same radius and the same position) more
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pronounced for small radii (50% increase when r =10 mm)
than for high radii (30% increase when r = 60 mm). It is
worth noting that in spite of the higher voltage necessary for
nerve stimulation, the corresponding peak currents are yet
achievable with commercial stimulators [31].

Effect of Nerve Geometry and Position

The effect of nerve geometry on magnetic stimulation
has been studied by considering the C-ARM-HET-ND mod-
el excited as in the “influence of the forearm tissue and ge-
ometry” section. In particular, by using Eq. 4, the membrane
voltage in correspondence of the nodes of Ranvier for vari-
ous fiber diameters d, and intermodal lengths I, has been
computed. Starting from the membrane voltage behaviors the
activation time, defined as the time in which the action po-
tential reaches its maximum value, has been evaluated. The
plot of the activation time as a function of the position along
the nerve is called activation diagram [20] and the slope of
the curve gives the pulse conduction velocity. By fixing
I, = 2.5 mm and reducing d, from the previously used value
of 25 um to 12.5 um the voltage threshold changes from
3840 V to 7250 V and the conduction velocity from 69 m/s
to 150 m/s, respectively (See Fig (10)). The obtained numer-
ical results are in good agreement with experimental obser-
vations [20].

To study the influence of the intermodal distance I, = Az,
the electromagnetic simulations have been performed by
leaving Ax=Ay = 2.5 mm and considering Az=2 mm and
Az=3 mm. Fig. (11) shows the electric field derivative as a
function of the position along the nerve for these two cases.
The plots are identical to that computed for Az=2 mm (see
Fig. 4) but the fields derivatives are computed with a differ-
ent spatial step.

By solving Eq. 4 with d; = 25 pum and considering
Az=2 mm and Az=3 mm, the obtained voltage thresholds are
4760 V and 3220 V and the conduction velocities 126 m/s
and 157 m/s, respectively. The obtained numerical results
show that the threshold voltage is inversely proportional to
the fiber diameter and the internodal length.
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Fig. (9). Threshold voltage as a function of the coil radius.
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mm.

The effect of the nerve position has been investigated
placing the nerve in different positions inside the heteroge-
neous arm. In all cases, the distance between the nerve and
the skin surface and the distance between the coil and the
skin surface have been fixed to the value of 5 mm. Consider-
able variations in V, have been obtained for the same arm
model and coil geometry. Since in all the situations, the coil
nerve distance is the same, the reported variations can be due
to the bend radius of the arm under the coil or to the electri-
cal properties of the tissues surrounding the nerve.

In order to investigate the first effect, a homogeneous
cylinder model of the arm has been considered and its radius
has been varied from 2 to 5 cm. The coil radius has been
considered equal to 40 mm. The increase of the arm radius

gives rise to a reduction in the threshold voltage more rele-
vant for higher arm radii. This result is due to a reduction in
the E, . terms, in fact by increasing the arm radius the ge-
ometry tends to the unbounded situation.

In order to investigate the effect of the tissue surrounding
the nerve, the conductivity of the fat tissue surrounding the
nerve has been varied by increasing and reducing its value.
In particular, by doubling and halving the conductivity value,
a reduction from 3840 V to 3650 V and an increase from
3840 V to 4230 V of the threshold voltage have been ob-
tained, respectively. In conclusion, if the conductivity of the

tissue surrounding the nerve increases, E,. reduces, and
E. increases and as a consequence, the threshold voltage

z
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decreases. The contrary happens if the conductivity decreas-
es.

CONCLUSIONS

A model for the study of peripheral nerve excitation in-
duced by magnetic stimulation has been proposed. With the
proposed model, all the terms that contribute to the nerve
excitation can be analyzed and their contribution can be
quantified. Moreover, the numerical technique used for solv-
ing the EM problem presents the advantage, with respect to
other techniques like FEM, to allow an easy and straightfor-
ward implementation of voxel based anatomical models and
to take into account the dispersive properties of the biologi-
cal tissues.

The comparison among several forearm structures has
shown that the heterogeneous non dispersive forearm model
is a good reference situation. The analysis performed by var-
ying the coil position has evidenced that in the reference
situation it is possible to excite a nerve fiber by applying a
shift equal to zero. Moreover, higher voltage values are nec-
essary for inducing the nerve excitation when increasing the
radius of the coil and for three-dimensional coil geometries.
A parametric study has evidenced that the threshold voltage
is strongly dependent on the arm bending and on the nerve
position inside the forearm.

The proposed procedure has a broad field of applications,
for example it can be used for the study of complex coil ge-
ometries (square, double, quadruple), for the analysis of fo-
calizing configurations, and for the study of the head mag-
netic stimulation by introducing a modified model of the
exposed organ and of the nerve.
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