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Abstract
Peripheralmagnetic stimulation is a promising technique for several applications like rehabilitation or
diagnose of neuronal pathways.However,most availablemagnetic stimulation devices are designed
for transcranial stimulation and require high-power, expensive hardware.Modern technology such as
rectangular pulses allows to adapt parameters like pulse shape and duration in order to reduce the
required energy. Nevertheless, the effect of different temporal electromagnetic field shapes on
neuronal structures is not yet fully understood.We created a simulation environment tofind out how
peripheral nerves are affected by inducedmagnetic fields andwhat pulse shapes have the lowest energy
requirements. Using the electric field distribution of a figure-of-8 coil together with an axonmodel in
saline solution, we calculated the potential along the axon and determined the required threshold
current to elicit an action potential. Further, for the purpose of selective stimulation, we investigated
different axon diameters. Our results show that rectangular pulses have the lowest thresholds at a
pulse duration of 20 μs. For sinusoidal coil currents, the optimal pulse durationwas found to be 40 μs.
Most importantly, with an asymmetric rectangular pulse, the coil current could be reduced from
2.3 kA (cosine shaped pulse) to 600 A. In summary, our results indicate that formagnetic nerve
stimulation the use of rectangular pulse shapes holds the potential to reduce the required coil current
by a factor of 4, whichwould be amassive improvement.

1. Introduction

Magnetic stimulation has a wide field of applications,
including the treatment of mental illness [1, 2] as well
as the examination of conduction between motor
cortex and muscles [3]. The most prominent applica-
tion of magnetic stimulation is transcranial magnetic
stimulation (TMS), which is already deployed in
numerous therapies [4–7].

Magnetic stimulation of peripheral nerves has
been examined in several studies. Promising applica-
tions are for example rehabilitation therapy [8–10] or
stimulation of the phrenic nerve [11, 12]. In peripheral
stimulation, the use of magnetic fields is often com-
pared to the use of electric fields generated by electro-
des. Extensive advantages are non-invasive application
and less pain [11–14]. However, considerably more
energy is required to evoke a comparable electric field.
Despite the considerable advantage of peripheral

magnetic stimulation, it is not yet commonly used in
clinical settings.

Reasons for that might be insufficient adaption to
specific applications or too expensive and complex sti-
mulation devices. Most stimulation devices available
on the market are operated with high currents of up to
10 kA [15] with the consequence of being large and
costly. Such complexity might be unnecessary for the
excitation of muscular groups, by stimulating the
corresponding motor neurons in the peripheral ner-
vous system.Motor neurons are large and hence easier
to stimulate, compared to thinner axons [16–23].
Motor neurons innervate muscles and can be repre-
sented in the Erlanger-Gasser Classification as Aα and
Aγ fibres [23]. Typical diameters of these types are
5μm to 20 μm. Nociceptors and thermoreceptors,
sensory fibres responsible for pain and temperature,
respectively, have smaller diameters in the range of
1 μm to 5 μm and are classified as Aδ or C fibres. By
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adapting the stimulation pulse intensity and duration,
it is possible to selectively stimulate functional groups
within a nerve and avoid potential side effects resulting
from the activation of neighboring nerve fibers.
Approaches to address those requirements have been
conducted by [13, 16, 20].

When it comes to stimulation energy and selective
stimulation, the temporal electric field pulse is a cru-
cial parameter. It is directly related to the temporal
derivative of the coil current. Hence, it is limited by the
device circuitry, where coil and capacitors are themost
important elements. However, the introduction of
more recent devices like flexTMS or cTMS allows for a
more flexible adaptation of the current pulse [24, 25].
The question arises whether sinusoidal or triangular
current pulses are favourable and which pulse dura-
tion is ideal. Rectangular electric field shapes have
been reported to be beneficial in stimulating neuronal
structures [26–28]. Yet, comparing sinusoidal and rec-
tangular pulses is challenging, as the former consist of
equal hyper- and depolarizing phases, while the phases
of the latter can be adjusted individually by varying the
strength and duration of the pulse intensity. Further, a
rectangular pulse carries more energy than a cosine
wave of the same duration.

Concerning pulse duration, chronaxie is an estab-
lished measure for temporal properties of neurons
[29]. It can be determined based on the required field
strength for varying pulse duration (strength-duration
curves). For pulses longer than chronaxie times the
resistive part of the neuronmembrane becomes domi-
nant and pulse energy will be lost. Therefore, short
pulses are preferable, which can be more easily
achieved by using cTMSdevices [26, 30, 31].

Experimental investigations have been conducted
on strength-duration relations [22, 32, 33] and differ-
ent pulse shapes [31, 34–36]. However, an overall
comparison is hardly possible due to the use of various
stimulation devices and target sites. Another suitable
approach to acquire a deeper understanding of the
field distribution and its effect on nerves are neuronal
simulations. Approaches using these simulations to
provide a more extended insight into the impact of
pulse durations and different axon diameters have
been conducted [16, 19, 33]. Further simulation work
has been done on the impact of spatial field distribu-
tion on peripheral nerves [13, 37, 38]. Nonetheless, a
comparison including all relevant pulse shapes and the
corresponding strength-duration curves has not been
published so far. Our goal is to get a deeper under-
standing of the impact of different pulse shapes on
peripheral stimulation with magnetic fields. More-
over, we want to discuss how the use of various tem-
poral field shapes can potentially reduce energy
requirements for the stimulation. The goal is to find
optimized parameters for the efficient stimulation of
peripheral nerves. The spatial field distribution of a
figure-of-8 coil is coupled to a model representing the
target neuron. By combining the field distribution

with a temporal vector, the potential along the axon
was calculated. To account for the impact on different
axon types we employed various axonal models each
for different axon diameters. Finally, using the NEU-
RON environment, we evaluated current thresholds
for all pulse shapes and calculated the required coil
current.

2.Methods

2.1. Electricalfield
Coil geometry and current determine the strength,
temporal and spatial shape of the electric field. Among
other important parameters such as axon geometry
and the positioning in relation to the coil, these are the
governing parameters responsible for the energy
required to excite a neuron. The electric field data is
generated in the low frequencymagnetostatic Solver of
CST (Dassault Systèmes Simulia). It uses the finite-
elements-method, the finite integration technique and
the transmission-line matrix method (TLM) to pro-
vide efficient and effective solvers for the Maxwell
equations. In this work the relative spatial distribution
of the electric field is mostly independent of the used
current shape, since the influence of higher frequen-
cies is negligible. Hence, it is possible to decouple the
spatial distribution and the temporal component of
the electric field. The field was calculated using a
sinusoidal current with a specific coil current fre-
quency of 10 kHz to get the relative spatial distribution
of the electric field. The resulting electric field data can
then be adjusted using Faraday’s law of induction
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ΦB is the magnetic flux, I represents the coil current
and L the coil inductance.

The pulse duration depends on the coil current
frequency. For example, a biphasic current pulse of
10 kHz results in an overall pulse duration of 100 μs.
Hence, for pulse durations other than 100 μs the field
strengthmust be scaled according to equation (1). The
thresholds in the strength-duration curves are scaled
as:
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T

T
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D
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where Isim is the threshold current based on the field
strength of a 10 kHz coil current, TD is the duration of
the depolarizing phase of the pulse, Tref is 100 μs,
corresponding to a coil current frequency of 10 kHz
and N is the number of cycles within the pulse. For
example, N equals 1 for a Cosine or 0.5 for a 1

2
Cosine

pulse (see figure 2). Discussing magnetic stimulation,
the term pulse shape often refers to the coil current.
However, in this paper we are rather interested in the
temporal electric field shape. Hence, when talking
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about pulse shapes, we refer to the electric field.
Figure 2 shows a list of pulse shapes which can be
produced with common stimulation devices. For
example, a cosine-shaped pulse corresponds to a
sinusoidal coil current. Further, we compared rectan-
gular pulses, which are generated by triangular current
shapes. In order to get a better insight into the effect of
electromagnetic fields on neuronal structures, we also
investigated idealized pulse shapes which do not
correspond to any available stimulation device.

We used the electric field induced by a figure-of-8
coil in saline solution. The diameter of each coil seg-
ment is 86 mm and the spacing between the two coil
segments is 12 mm (figure 1). Those dimensions are
similar to commercially available coils (magstim D70,
90 mm coil diameter; MagVenture C-B70, 97 mm;
MagVenture C-B60, 75 mm). The coil is positioned at
a distance of 27 mm to the axon. The electric field
along the axon is shown in figure 1. The likeliest posi-
tion of the axon to be activated depends on the spatial
gradient of the electric field distribution, which is
described by the activation function [39]. Due to sym-
metry features of the applied coil, the field is sym-
metric along the fibre. As demonstrated in figure 1, the
activation function is symmetric as well, with different
polarities. Hence, threshold calculations are indepen-
dent of polarity because both polarities are present.

2.2. Neuronalmodel
The description of axonal dynamics using electrical
models is based on the research of Hodgkin and
Huxley [40]. Unmyelinated axons are simulated using
the Hodgkin-Huxley model for giant squid axons,
whereas myelinated axons require some modifica-
tions. For mammalian peripheral nerves, the Richard-
son-McIntyre-Grill (RMG) model is well established
[41]. Both models consist of capacitors and voltage
controlled resistors representing the ion channels. In
order to simulatemyelinated fibres we used amodified

Hodgkin-Huxley model (MHH), which takes myelin
sheaths into account, and the RMG double cable
model, since it better reflects mammalian myelinated
fibres [41]. In particular, non-linearities occurring at
brief pulses are modelled more precisely. Disadvan-
tages of this approach are higher complexity and time
consuming computing. All models were created using
NEURON [42] and have a compartment structure
where each section has individual properties, depend-
ing on its membrane characteristics. TheMHHmodel
consists of two different sections, Nodes of Ranvier
and myelin sheaths, where the latter ones have near
insulating membranes. The RMG model contains the
same Nodes of Ranvier. However, the myelinated
sections are split up to six different sections to account
for the distinct segments of amyelin sheath.

2.3. Couplingfield to axonmodel
The axon is positioned in y-direction, as shown in
figure 1. For straight peripheral nerves, only the
parallel component of the electric field is relevant to
trigger an action potential [37]. Using the electric field
distribution (Ey) calculated for saline solution the
potential along the axon is determined, shown in
figure 1.

Hence, the potential at each axon segment is calcu-
lated by integrating the electric field along the nerve
[37, 43, 44]. With respect to the compartmental struc-
ture, the potential is calculated for each section in
dependence of the previous section:

· ( )
 
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+

-
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s
2
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where f is the electric potential,

E is the electric field

in direction of the axon and

s is the displacement

vector between two segments. The indices i and i− 1
describe the current and previous segment, respec-
tively [37].

Figure 1. (a)Position of a figure-of-8 coil in relation to a long,myelinated axon in saline solutionwith coordinate system; the coil
dimensions are shown on the right side, the diameter of a single coil segment is 43 mm; the distance between coil and axon is 27 mm;
(b)Electric fieldEy at the nodes along the axon; (c)Activation function at the nodes.
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To take the temporal change of the electric field
into account, the acquired potential is scaled with the
waveform of the desired pulse shape, demonstrated in
figure 2. To describe the membrane potential Vm

along the cell, the cable equation for external electric
fields must be solved [37, 45]. Thus, the potential over
time acquired from equation (3) and the stimulus vec-
tor is applied to NEURON’s extracellular mechanism
to solve the cable equations.

2.4. Experiments
In our experiments we determined the threshold coil
current for different pulse shapes and durations as well
as various axon diameters. In order to find stimulation
thresholds, the initial electric field distribution is
multiplied stepwise by a factor until an action potential
propagates in both directions of the axon. This
criterion is fulfilled as soon as themembrane potential
of the first and last axon section is depolarized to
15 mV. Subsequently, the coil current is calculated
from the required field strength using equation (1).

In the first experiments, we investigated strength-
duration relations for several pulse shapes (see
figure 2). The pulse duration TD was varied between
10 μs and 500 μs. We employed RMG and MHH
axons of 12.8 μm diameter and 300 mm length. The
axon was placed at the coil centre in y-direction
(figure 1)with a distance of 27 mm, which is a realistic
distance between coil andfibre.

Common parameters to assess pulse durations of
rectangular pulses are chronaxie time and rheobase.
The latter one is the lowest achievable threshold field
strength at long pulse durations. Chronaxie is the
pulse duration where twice the rheobase current is
required. Analogously, we used the strength-duration
curves of the required electric field intensity (see sup-
plementary) to determine the lowest possible field
strength, as well as the pulse duration which requires
twice as much field strength for each stimulus. Chron-
axie times for axons can be calculated based on the
axon time constant τ [29], using the quantity:

( ) ( )t= -t ln 0.5 . 4Chronaxie

τcan be calculated using the nodal leakage conduc-
tance and the membrane capacitance, which results in
285.7 μs for a 12.8 μmaxon.

In further experiments, we analysed different con-
figurations for the positive and negative part of rectan-
gular pulse shapes (figure 4). Rect a and Rect c pulses
were compared at pulse durations of 10 μs, 30 μs and
150 μs. Thresholds are given in relation to an ideal rec-
tangular pulse of the corresponding duration.

Moreover, we conducted experiments comparing
pulse duration and stimulus shapes on several axon
diameters. We varied the pulse duration from 40 μs to
400 μs for RMG axons of 16 μm, 12.8 μm, 8.7 μmand
5.7 μm.The axon length was set to 200 mm. Again, the
axon was placed in y-direction at the centre of the coil
with a distance of 27 mm. The thresholds for different
stimuli are given in relation to the threshold required
for an ideal rectangular pulse, and the thresholds for
pulse duration variations are given relative to the
threshold required for a diameter of 16 μm.

3. Results

3.1. Cosine pulses
We compared three cosine-shaped pulses: 1

2
Cosine,

Cosine and 2 Cosine, demonstrated in figure 2. The
corresponding strength duration curves are shown in
figure 3. The curves are scaled depending on pulse
duration according to equation (2).

As shown in figure 3, the required coil current is
higher for long pulse durations as well as for pulses
shorter than 75 μs. The minimum achievable currents
and the corresponding pulsewidths are given in table 1
for each pulse shape. Using the RMG model, the low-
est threshold was 5.7 kA and was achieved with a 2
Cosine pulse while theMHHmodel predicts the lowest
current to be 2.5 kA with the Cosine pulse. According
to the RMG model, high threshold spikes can be
observed for 1

2
Cosine at pulse durations between

100 μs and 400 μs.
Furthermore, we could show that the 1

2
Cosine

pulse triggered an action potential at the first depolar-
izing quarter wave, whereas for a Cosine pulse, it was
triggered at the second depolarizing half wave of the

Figure 2.Overview of temporal electricfield shapeswhich correspond to the derivative of the coil current. Cosine-shaped pulses arise
from sinusoidal coil currents while rectangular field pulse configurations are induced by triangular coil currents.TDdescribes the
depolarizing phase of the pulse.
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inverted field (see supplementarymaterial). As soon as
the field gets stronger, the depolarizing wave will elicit
an action potential at the axon section with the posi-
tive peak in the activation function and the hyper-
polarizingwave at the negative peak.

3.2. Rectangular pulses
In comparison to sinusoidal pulses, rectangular pulses
require lower field strength to trigger an action
potential at similar pulse durations. Rect a, Rect b and
Rect c yield similar results. Optimal pulse duration and
the corresponding coil current are listed in table 1.
According to the RMGmodel the lowest thresholdwas
1.3 kA and can be achieved withRect a. In contrast, the
MHH model required a current of only 600A to
perform a successful excitation.

We compared different pulse configurations and
their influence on threshold for a 10 μs, 30 μs and
150 μs pulse, as shown in figure 4. A disadvantage con-
cerning threshold occurs when both pulses are similar
in time and intensity. The Rect c pulse of 150 μs with
equal phases had a 16 times higher threshold than an

ideal rectangular pulse of the same duration. Espe-
cially for short pulses, this relation is negligible.

3.3. Cross comparison
Further, we examined idealized temporal field shapes
which are not associated to any stimulation devices.
We considered sine-shaped pulses as well as ideal
rectangular and triangular shapes. A visualization as
well as the corresponding strength duration curves are
provided in the supplementary material. We found
that sine-shaped pulses have lower thresholds than
cosine-shaped ones, whereas the former ones do not
differ significantly among each other. An ideal rectan-
gular pulse proved to be the most favourable one
(RMG: 1 kA, MHH: 0.5 kA), especially as it does not
show increasing thresholds for short pulse durations.
The lowest threshold for each stimulus and the
corresponding pulse durations and frequencies can be
found in the supplementarymaterial.

3.4. Pulse duration
Table 2 shows the values for the minimal achievable
field strength and the pulse duration where twice of
the minimal field strength is required. Those para-
meters are analogous to rheobase and chronaxie which
are defined for ideal rectangular pulses. Values were
estimated from the corresponding strength-duration
curves (see supplementary material) of RMG and
MHH model. Calculating the chronaxie time using
equation (4) yields 198 μs.

Moreover, we found that ideal rectangular pulses
as well as Rect a are solely charge dependent between
10 μs and 40 μs, since electric field intensity and pulse
duration are indirectly proportional. For example, a
pulse of 20 μs requires twice the field strength of a
40 μs pulse. Apart from that, we found that long pulse
durations can block the propagation of an action

Figure 3. Strength duration curve for different stimulus shapes. The solid lines showdata acquired using the RMGmodel and the
dashed lines represent theMHHmodel. The y-axis for both plots shows the required coil current to trigger an action potential.
Threshold coil currents are calculated based on equation (2). (a) shows the thresholds required for sinusoidal pulse shapes. (b) shows
thresholds for rectangular pulse shapes. The depolarizing phaseTD of the pulse is defined as shown infigure 2.

Table 1.The lowest coil current triggering an action potential is
evaluated at the pulse duration of the lowest threshold in the
strength duration curve. Both, coil current and the corresponding
pulse duration are listed below.

Stimulus
RMG MHH

Current

in kA

Pulse

duration

Current

in kA

Pulse

duration

1/2Cosine 8.2 30 μs 3.9 60 μs

Cosine 6.4 40 μs 2.5 150 μs

2 Cosine 5.7 75 μs 2.6 250 μs

Rect a 1.3 20 μs 0.6 50 μs

Rect b 1.8 10 μs 0.7 90 μs

Rect c 1.8 20 μs 0.8 90 μs
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potential. Especially, rectangular pulses can cause a
block (see supplementarymaterial).

3.5. Axon diameter
Smaller axon diameters require increasing coil cur-
rent. We showed a slight dependence on pulse width
for different axon diameters, as shown in table 3.
According to those results, thin axons are easier
stimulatedwith short pulse durations.

Furthermore, we evaluated the impact of different
stimulus types. We compared pulse shapes for axon
diameters of 5.7 μm and 16 μm (see supplementary).
For most stimulus shapes, differences were negligible.

However, Rect b and Rect c showed 120% and 50%
higher thresholds for a 5.7 μmaxon, respectively.

4.Discussion

We created a simulation environment to evaluate
effects of magnetic stimulation on peripheral nerves.
The spatial field distribution was calculated for a
figure-of-8 and applied to two different neuronal
models with varying axon diameters. Within this
work, we investigated the temporal behaviour of the
electrical field in order to optimize pulse duration and
shape. Those parameters depend on the electric
circuitry used in stimulation devices and might be
chosen because of cost, feasibility or energy efficiency.
We used two different neuronal models suitable for
human peripheral nerves. The RMG double cable
model provides great physiological accuracy at the cost
of longer computation time [41]. Further, it was stated
by [41] that it predicts higher thresholds which exceed
experimental data. To put such potential offsets in
relation, theMHHmodel was also introduced. Yet, for
short pulse duration shorter than 40μs the RMG
model providesmore reliable data.

4.1. Stimulus comparison
Direct comparison of different stimulus shapes is
hardly possible. Sinusoidal and rectangular pulses of
the same duration apply different amounts of charge
to the membrane capacity and the sequence of hyper-
polarization and depolarization plays a crucial
role [33].

A vast majority of stimulator devices available on
the market use sinusoidal pulse shapes, either mono-
phasic or biphasic, the latter allowing repetitive stimu-
lation. We compared cosine-shaped electrical field

Figure 4.A realistic rectangular pulse consists of a positive and a negative pulse. Usually, one is short and high in intensity and the
other one lower but longer. The duration of thefirst pulse was set to 150 μs and the height relation of the secondwas varied, which also

changes the duration of the second pulse, described by the relation h

h
1

2
. The influence of different height configurations is shown for

Rect a andRect c pulses of 10 μs, 30 μs and 150 μs. Thresholds are normed to an ideal rectangular pulse of the corresponding duration.

Table 2.Minimal achievablefield strength and the duration
at twice theminimalfield strength are estimated from
strength-duration curves (see supplementary).

Stimulus
Min.field in V

m

Duration at

2 ×min.field

inμs

RMG MHH RMG MHH

1/2Cosine 108 43 175 130

Cosine 119 41 160 159

2Cosine 168 55 207 236

Rect a 86 36 108 100

Rect b 89 36 130 100

Rect c 89 35 130 113

Table 3.Wevaried the pulse duration for different axon
diameters. The table shows the required coil current in kA for
axon diameters of 12.8 μm, 8.7 μmand 5.7 μm in relation to
an axon of 16 μmfor pulse durations of 40 μs and 400 μs.

Pulse durationμs 12.8 μm 8.7 μm 5.7 μm

40 μs 1.32 kA 2.56 kA 7.40 kA

400 μs 1.32 kA 2.73 kA 8.00 kA
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shapes induced by a half sine wave coil current, a sine
wave and a double sinewave.

To compare different stimulus types we investi-
gated the corresponding strength-duration curves
using the duration of the depolarizing phase TD. In
electric stimulation, the strength-duration curves
would decrease with increasing pulse duration. In case
of magnetic stimulation, short pulse durations imply
higher coil current frequency and hence, higher elec-
tric field strength. Thus, the coil current in the
strength-duration curves was adjusted according to
equation (2) yielding a golf club shape. Moreover, 1

2
Cosine, Cosine and 2 Cosine have different frequencies
at the same pulse width, which is compensated as well
using equation (2).

Comparing the three cosine-shaped stimuli at the
same frequency theCosine and 2Cosinewould be twice
as long and four time longer than the 1

2
Cosine. How-

ever, despite this mismatch in pulse duration, the
thresholds were not distinctly different. It has been
stated that a hyper-polarizing quarter cycle followed
by a depolarizing half cycle is an advantageous pulse
configuration [33]. Lower thresholds for the Cosine
stimulus compared to the 1

2
Cosine were observed

before [31, 33–35]. The reason was considered to be
that biphasic stimuli might have lower thresholds due
to the longer depolarizing time [33, 34]. We could
show that an action potential is indeed triggered by the
first depolarizing quarter cycle of a 1

2
Cosine stimulus,

whereas it is the second depolarizing half cycle for a
Cosine stimulus. Hence, the active phase of a 1

2
Cosine

is the first depolarizing quarter cycle and for aCosine it
is the first depolarizing half cycle. Since the half cycle
contains more energy it is more likely to trigger an
action potential. Confirming this assumption the sine-
shaped pulses, where the active phase is the first half-
cycle, proved to have even lower thresholds (see sup-
plementary). To achieve such a pulse, the coil current
needs to be cosine-shaped, which has not yet been
achieved to our knowledge.

However, comparing the three cosine-shaped sti-
muli at the same pulse duration the 2 Cosine yields the
lowest thresholds according to the RMGmodel. A rea-
son for that is the high frequency of the pulse, which
increases the field strength. In accordance to that, the
Cosine had the second lowest thresholds.

High thresholds that cause spikes in the strength-
duration curve with the RMG model are caused by
blocked action potential propagation. For example, an
action potential is triggered at one segment by the first
depolarizing quarter wave of the 1

2
Cosine and it starts

propagating in both directions. Once the propagating
action potential hits a segment which is at this time in
the hyper-polarizing phase of the pulse, negative inter-
ferencewill cancel the action potential.

Rectangular stimulus shapes were already shown
to be efficient for electrical stimulation [28]. We could
show that rectangular pulse shapes have lower

thresholds than cosine-shaped ones. However, a 1

2
Cosine consists of a depolarizing and a hyper-polariz-
ing quarter wave while the rectangular pulse has a
strong depolarizing part and low hyper-polarization.
Further, a rectangular pulse delivers more charge to
the membrane capacity, since there is a small rising
time due to the steep edge at the beginning and at the
end of a pulse. In general, considering different rectan-
gular configurations, we saw that strong hyper-polar-
ization is not advantageous. Hence, a brief and high
intensity pulse followed by a longer one with lower
intensity seems to be the best configuration. A reason
might be that hyper-polarization at the neighbouring
Nodes of Ranvier blocks the propagation of the action
potential. The absence of strong hyper-polarization
might also be an advantage of the rectangular pulses
compared to cosine-shaped ones. That argument is
supported by the ideal rectangular pulse, which only
has a depolarizing phase, and showed the lowest
threshold of all pulses.

In general, rectangular pulses proved to require
less current than cosine-shaped ones especially for
short pulse durations, which is discussed later. Oper-
ating stimulation devices with only 600 A facilitates
high switching rates which enables short pulses. Poly-
phasic cosine-shaped pulses like the 2 Cosine come
with rapid field switching for short pulses, although
such configurations are hardly feasible due to circuitry
limitations. Even at optimal pulse durations, currents
of 2.5 kA are necessary. We further concluded, that a
solely depolarizing pulse is the best option. Due to
energy flow, such a configuration is not feasible, hence
the hyper-polarizing phase should have as less inten-
sity as possible.

4.2. Pulse duration
Usually, concerningmagnetic stimulation, pulse dura-
tion mainly depends on stimulation coil and pulse
capacitors. Recent stimulation devices allow to vary
the pulse duration. As former studies have shown, the
coil current can be reduced by choosing a proper pulse
duration [16, 19, 22, 29, 32, 46]. We demonstrated
how the required coil current changes with pulse
duration. That is because shorter pulse durations
require higher field strengths and further, because
changing the pulse duration means a different current
frequency, which again scales the electric field. The
resulting curves of the analysis are generally golf club
shaped, meaning the threshold increases slowly for
long pulses and rapidly after the minimum for short
pulse durations, especially for pulses with strong
hyper-polarising part.

At short pulse durations, the hyper-polarizing
phase of a pulse becomes more relevant. We could
show that pulses with no or only few hyper-polarizing
part, like the ideal rectangular and Rect a pulse, are
solely charge dependent for pulse duration between
10 μs and 40 μs. As long as pulses are shorter than the
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membrane time constant, which is defined by capaci-
tance and resistance, the required field strength
increases proportional to decreasing pulse duration.
Within this time span, the membrane capacitance is
charged and subsequently generates a membrane volt-
age change. Pulses longer than the time constant are
less efficient, since energy is lost on the resistive part of
the cell membrane. As a consequence, the threshold
current for an ideal rectangular or Rect a pulse does
not increase for short pulse durations. In contrary,
cosine-shaped pulses will require increasing coil cur-
rent for short pulse durations. That is because they
consist of a depolarizing and an equally strong hyper-
polarizing phase, which immediately discharges the
membrane capacitance. If that happens within a time
span shorter than the sodium channel activation time,
no action potential is triggered. Hence, the hyper-
polarizing phase is especially inconvenient for short
pulse durations and should be as long and low in
intensity as possible. This can be achieved using pulses
such as theRect a.

Chronaxie is considered to be a good measure for
pulse efficiency, whereby pulses longer than chronaxie
time are unfavourable [47]. We estimated the pulse
duration where twice the minimal achievable current
is required from the strength duration curve. This
measure is inspired by the chronaxie time, which is
defined as twice the rheobase current for rectangular
pulses.

Rectangular pulses have twice theminimal current
at durations around 100 μs, whereas 1

2
Cosine and

Cosine have 135 μs and the 2 Cosine200 μs (RMGdou-
ble cable model). The chronaxie time calculated based
on the time constant τ is 285.7 μs which is in accor-
dance with values from literature. Time constants of
motor axons was determined to be 264(34)μs [32] or
343(127)μs [22]. Corresponding chronaxie times are
183μs and 238 μs, respectively.

However, the minimal required current according
to our simulations proved to be at pulse durations dis-
tinctly shorter than chronaxie time. 1

2
Cosine had an

optimal TD of 25 μs and Cosine as well as 2 Cosine at
40 μs. Rectangular pulses only have increasing thresh-
olds at pulse durations smaller than 90 μs and 20 μs
according to the MHH model and the RMG model,
respectively. As the RMGmodel is more precise, espe-
cially for short pulses, we can assume that rectangular
pulses have an ideal pulse duration at 10 μs to 20 μs.

Available stimulation systems on the market using
biphasic coil currents like PowerMag (Mag&More),
MagPro (MagVenture), Brainsway or Neuronetics
have pulse durations between 160 μs and 370 μs [15].
The depolarizing phase TD is 80μs and 185 μs, respec-
tively. According to our results, a TD of 40 μs would be
preferable. Short pulse durations using sinusoidal cur-
rents are challenging, as pulse frequency is limited by
properties of coil and capacitor. Rapid current switch-
ing poses a general problem to devices operating with

high voltages and currents. However, our results show
that using rectangular pulses currents of as less as
1.3 kA are sufficient to stimulate peripheral nerves
using rectangular pulses of 20 μs. As mentioned, the
RMG model tends to predict thresholds higher than
experimental data. Hence, data from the MHHmight
be more accurate, which would enable stimulation
currents as low as 600 A. Such low currents would
make it possible to develop devices which are capable
of high current switching rates. Yet, our simulation
experiments were conducted in saline solution which
does not properly represent typical applications.
Investigations involving a field distribution in tissue
are still necessary to draw proper conclusions on
threshold currents.

4.3. Axon diameter
Peripheral nerves usually contain a variety of different
axons for many physiological functions. Decreasing
axon diameter goes along with increasing threshold
intensities [16, 41]. Ideally, thresholds for peripheral
stimulation can be reduced as such that only the
desired motor axons are stimulated. Therefore, it is
crucial to know characteristic thresholds for distinct
axon types. It has been reported that not only
increasing stimulation distance but also shorter pulse
duration increases the selectivity between axon dia-
meters in electric stimulation [16]. In our experiments,
we investigated different pulse durations for 5.7 μm
and 16 μm axons. We could only see a slight decrease
of threshold differences with decreasing pulse dura-
tion. However, the effect observed with electric
stimulation might be due to impedance effects of the
tissuewhich filters short pulse durations.

According to our findings, selective stimulation is
hardly influenced by pulse shape or duration. Never-
theless, threshold differences between axon types are
prominent and allow distinct stimulation of func-
tional axon groups. An axonwith a diameter of 5.7 μm
requires six times higher thresholds than one with a
thickness of 16 μm. In fact, a growing increase of
threshold can be observed with decreasing diameter.
Hence, smaller axons which are usually not target of
magnetic stimulation are even less likely to be
activated.

5. Conclusion

The goal of this study was to find the most energy
efficient pulse-shape for magnetic neurostimulation.
We have therefore evaluated several temporal pulse
shapes with two biophysically plausible axon models.
Asymmetric biphasic rectangular pulses, where the
depolarizing phase duration was around 20 μs and the
hyper-polarizing phase had at least a four-times
smaller amplitude (and a four-times longer duration)
required the smallest current to stimulate a target
axon. The threshold current for this pulse to stimulate
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an axon was as low as 600 A, which was four times
smaller than for conventionally used cosine-shaped
pulses. These findings motivate the development of
new low current magnetic stimulating devices with
rectangular pulses, which are less expensive, more
compact devices and which reach a much higher
energy efficiency. Novel therapeutical applications,
where repetitive pulses are required, will become
possible with lower coil currents due to reduced coil
heating. Moreover, we conclude that low current
stimulation devices are suitable for peripheral stimula-
tion, since axons of large diameters, such as motor
neurons, can be stimulated with lower field strengths.
Unwanted stimulation of thin axons in the autono-
mous nervous system can be avoided.
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