Heliyon 9 (2023) e13541

Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon

Research article :.) |

Check for

Multi-objective optimization method for coil current waveform of =t
transcranial magnetic stimulation

Ziqi Zhang?, Chang Liu®, Jihui Hu™", Hongfa Ding“, Zhou He ", Yongxiu Song®,
Jiannan Shao, Dandi Zhang "

@ Wuhan National High Magnetic Field Center, School of Electrical and Electronic Engineering, Huazhong University of Science and Technology,
Wuhan, China

Y School of Mathematics and Statistics, Huazhong University of Science and Technology, Wuhan, China

¢ Changjiang Institute of Survey, Planning, Design and Research, Wuhan, China

ARTICLE INFO ABSTRACT

Keywords: Transcranial magnetic stimulation (TMS) has been proved to be effective in the treatment of many
Transcranial magnetic stimulation kinds of mental diseases. However, the clicking noise produced by the pulse current with large
MOPSO

amplitude and short duration in the TMS coil may damage the hearing of patients. The heat
produced by the high-frequency pulse current in the coil also reduces the efficiency of TMS
equipment. A multi-objective waveform optimization method to improve heat and noise problems
at the same time is presented. By analyzing the current waveforms of TMS, the relationship be-
tween the current and the vibration energy/Joule heating is established. Taking the Joule heating
and the vibration energy as the optimization objectives, exceeding the same amount of neuronal
membrane potential as the limiting condition, the Pareto fronts of different current models are
obtained by applying the multi-objective particle swarm optimization algorithm (MOPSO).
Therefore, the corresponding current waveforms are inversely deduced. A ringing suppression
cTMS (RS-cTMS) proof-of-principle experimental platform is constructed. The feasibility of the
proposed method is validated through experiments. The results show that the optimized current
waveforms can greatly reduce the vibration and heating of the coil compared with the conven-
tional full-sine, recified sine and half-sine waveforms, thus reducing the pulse noise and pro-
longing the using time of the equipment. The optimized diversified waveforms also provide a
reference for the diversity of TMS.

Joule heating

Vibration energy

Membrane potential

Intracranial induced electric field

1. Introduction

Transcranial magnetic stimulation (TMS) is a non-invasive, comparably safe neuro-modulation technique. By generating a time-
varying magnetic field of the pulsed current in the coil, the intracranial induced electric field caused by the magnetic field is
imposed on the external tissue of the brain structure. Currently, TMS is widely used in the clinical diagnosis and treatment of various
neurological and mental diseases, as well as exploratory research in the field of brain science and cognitive science [1-6].

The application of TMS has a broad prospect, but there are still some problems that hinder the development of TMS. A large number
of the existing research related to TMS concerns the design of the TMS coil structure or the pulse generator of TMS equipment, which
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aims at improving the focality, stimulating depth, power supply efficiency and diversity of intracranial induced electric field [7-10].
While, this paper focuses on the problems of the coil heat and acoustic noise. The pulse current typically used to generate TMS can peak
at several thousand amps, and this high current creates a non-negligible amount of heat on the coil due to the coil resistance. If the coil
temperature rises too fast, it may damage the equipment and cause danger to patients and medical staff [11,12]. For the sake of safety,
the pulses number of repetitive transcranial magnetic stimulation (rTMS) has to be limited. Along with the TMS pulse current, the coil
will also make clicking sound due to the electromagnetic force, which may cause hearing damage [13-15]. At the same time, because
of the nonlinearity and the large number of interactions in the brain, the click deteriorates the focus of the TMS [16,17]. The noise may
also make the patient restless, upset and anxious, thus greatly affecting the treatment effect [18].

To deal with the problem of coil heat, some scholars have improved the efficiency of stimulation by changing the coil structure such
as modifying the geometry [19] or adding iron-core to reduce the heat generation [20,21]. In addition, Ref. [22] uses an external heat
sink to reduce heat accumulation on coils. Furthermore, the authors of Ref. [23] designed a hollow coil with circulation of deionized
water to accelerate coil heat dissipation. Ref. [11] provides a current truncating circuit design used in some controllable pulse width
TMS systems to reduce the coil heat.

On noise suppression, the current methods are mainly divided into two directions, waveform optimization and coil design [24].
There is also a part of research that uses active or passive methods to attenuate the noise heard by patients from the perspective of the
sound receiver. Ref. [25] proposes a new double-containment coil with enhanced winding mounting to suppress the noise. Ref. [26]
reduces the Lorentz self-force on the coil surface by a new coil optimization design to reduce the noise. Ref. [27] introduces a
two-pronged solution by shortening the pulse width to make the dominant frequency components of the TMS noise above the human
hearing and redesigning the coil. Ref. [28] proposes a method of using active noise control.

It can be seen that both the problems of coil heat and noise can be solved from the perspective of current waveform and coil
structure. There are still fewer articles focusing on the former than on the latter. In this paper, we hope to improve the problems of coil
heat and noise at the same time from the aspect of current waveform optimization, which has not been done to the author’s knowledge.
Ref. [29] optimizes the TMS current waveform with the single goal of reducing coil heat. The waveform parameterization is based on
spline curves and Fourier series, whose degrees of freedom are handed over to hybrid global-local optimization algorithm. The
optimization gives good results, but is very processor demanding and may be difficult to reproduce for a certain number of researchers.
Besides, there are relatively few studies on TMS waveform optimization. We want to provide a more implementation-friendly mul-
ti-objective waveform optimization method to guide the TMS circuit construction, and the waveform parameterization is carried out
with considerations more specific to TMS, which will be described in Section B of Chapter II. The multi-objective particle swarm
optimization (MOPSO) algorithm, which is computationally more efficient among stochastic evolutionary algorithms with global
search capability, is used [30-32].

Firstly, the mechanism of vibration noise and coil heat is described, the relationship between current, the vibration energy and
Joule heating is obtained. Based on the characteristics of various TMS stimulation currents, the waveforms are modeled respectively.
Then the neuronal membrane potential (MP) is used to judge the effectiveness of stimulation waveform. Subsequently, the Pareto
fronts of waveforms are obtained by MOPSO algorithm, hence the optimized current waveforms are obtained. Finally, recommen-
dations for circuit design are given based on the optimization results, and a proof-of-principle experimental platform was built to verify
the realizability of the optimized waveform.

2. Method
2.1. Optimization objectives and constraints

It should be noted that since our focus is on the waveform, we first default the resistance in the circuit to be the same for all
waveforms. In order to reduce the heat and vibration of the coil at the same time, two optimization objectives of current are defined.

2.1.1. Joule heating
The heat loss of the coil is mainly Joule heating. For coil current, the expression for Joule heating is expressed as [29]:

wmf:/Rﬂm«/ﬂm (@))

where the Joule heating wpeq is related to the coil resistance R and current I. The resistance is fixed in this paper thus the Joule heating
in Eq. (1) is only related to the current.

2.1.2. Vibration energy
The fast-changing pulse current in the coil produces a large electromagnetic force. The force drives the coil to vibrate regularly and
causes the clicking noise. Biot-Savart formula and Ampere force formula is expressed as:
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where dB is the magnetic flux density, and Idl is the unit current, r is the distance from the measuring point of dB to the Idl, 6 is the angle
between the Idl and the unit vector of the Idl pointing to the location of dB, y is the magnetic conductivity. It can be deduced from Egs.
(2) and (3) that the instantaneous electromagnetic force dF of each turn is proportional to the square of the coil current I [28], and F(t)
represents the change of dF on the coil with time:

dF = F(1)e(Idl)? 4

The current in the TMS coil is discontinuous. In each pulse cycle, the duration of pulse lasts for hundreds of microseconds.
Correspondingly, the duration of the electromagnetic force is the same as pulse, but the duration of noise is far longer than the pulse
time. This is because the inevitable system damping exists in the actual vibration. When the electromagnetic impact force stops, the
system vibrates freely according to the natural frequency. The vibration displacement response of the system at time t is obtained by
performing Duhamel integral [33] on the electromagnetic force in Eq. (4):

x(1) 7L/r F(r)e % sin oy(t — 7)dt ©
0
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where c is the viscous damping coefficient, m is the mass of equivalent vibrator, w, = \/k/_m is the natural circle frequency of the
system in undamped state, k is the stiffness, vy = w, V1 — 62 is the actual vibration circle frequency of the system when the damping
coefficient is ¢, and ¢ = ¢/2v/km is the damping ratio of the system. The expressions for the above parameters are the original defining
equations in the field of vibration theory, and the parameters take different values for different coil structures, which can be extracted
by simulation or measured experimentally. The parameters in this paper are extracted in COMSOL by performing the mechanical
analysis and acoustic simulation of the coil and selecting the most representative finite element points as the equivalent point sources
of noise. Further refinement of the study after determining the optimization results can be done directly using COMSOL and MATLAB
for joint simulations, instead of using this simplified equivalence method.

Coil vibration drives other media to vibrate, thus converting kinetic energy into noise and sound energy. Therefore, the control of
the coil vibration reduces the clicking noise at the roots. The Fourier integral transform of x(t) in Eq. (5) is performed to find the
frequency components of the vibration after decomposition into simple harmonic vibration, and the average energy flow density of
each component is expressed as:

1
woT = EpAzwzu ©)

where p is the media density, A is the harmonic vibration amplitude, and w is the angular frequency of the harmonic vibration, u is the
length in the direction of the vibration wave velocity of the taken medium volume. Superimpose the average energy density of each
frequency component in Eq. (6), to obtain the average energy density of the whole coil vibration, that is, the sound intensity, an
acoustic indicator of vibration energy:

W = ) 0(0) )

where i is the order of Fourier series, Wy, in Eq. (7) is used to represent the vibration energy of TMS coil.

2.1.3. Voltage constraint
Larger di/dt will produce the greater induced electric field in the targeted stimulation site. But the coil voltage is also proportional
to di/dt:
di
=L=
U=L (8
where L is the coil inductance, Uy, in Eq. (8) is the coil voltage. For safety reasons, the coil voltage should not be too high, otherwise, the
coil might get damaged. However, once the coil current changes, the coil voltage will shift. The problem of coil voltage rise is usually
solved by adding Zylon fiber for better insulation. Consequently, a certain margin should be kept on the basis of the original coil
voltage.

2.1.4. Action potential constraint

The action potential is the process of membrane potential change based on resting potential, when excitable cells are stimulated.
The essence of TMS is to produce an action potential in targeted cells, so as to regulate cell excitability [34,35]. In this paper, the
membrane potential (MP), assuming that the resting potential is 0, is used to represent the neurostimulation strength, and a larger MP
magnitude signifies stronger neural stimulation [9]. Exceeding the set threshold of the MP, action potential generation, produced by
the current is taken as another constraint.

In order to obtain the MP, the neuronal membrane is modeled as a leaky integrator (LI) to simulate the response to the sub-
threshold stimulation, referring to Ref. [9,36-38]. The circuit model of the LI model can actually be considered as a first-order
low-pass filter, and the induced electric field acting on the neuronal model is equivalent to passing the induced electric field
through this first-order low-pass filter, which is implemented in MATALB using the filter function. The output of the filter is the
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membrane potential [9,38]. The time constant T, of the filter depends on the biophysical characteristics of the stimulated neuronal
membrane. It changes with age, gender, disease, drug effect, therapeutic effect and other factors of the patient [9]. It is set as 150 ps in
this paper [37]. It should be noted that the MP obtained with this model may be slightly biased when measuring the stimulus intensity
of different waveforms [38], and is therefore only a rough estimate of the stimulus intensity. This approximation is adopted to initially
determine the waveform effectiveness within an acceptable error range to improve the efficiency of the study and to provide a basis for
further studies on more detailed models to follow. The focus of this paper is on the proposed optimization ideas and methods, so a
simpler neuronal model is used before specific optimization results are obtained. If the researchers have already specified the opti-
mization direction when using the method proposed in this paper, they can simply replace the LI model with more detailed one as
appropriate.

2.2. Current fitting model

The TMS coil current is usually half-sine, monophasic, biphasic or full-sine waveform. Relevant research shows that different
current waveforms will cause different stimulation effects on the human body [39]. Therefore, it is necessary to model the TMS
waveform first. Since most of the TMS waveforms of existing products are closer to trigonometric functions, we first use trigonometric
functions as the basis functions for the waveform fitting. In this way, it is easier to summarize the optimization direction based on the
differences between the obtained optimization results and the existing product waveforms, and the optimized waveform is also more
achievable. Based on the second Stone-Weierstrass theorem, that is, the pulse waveform of TMS can be scaled to an odd function whose
period is 2, and the current waveform is fitted as:

f@)=D+> A, sin(B,x+C,) 9
n=1

Further, the triangular fit optimization results give us an optimization orientation of shorter pulse widths, which, combined with
some previous works on novel TMS for near-rectangular electric fields [9,29], leads us to wonder whether switching to a polynomial
basis with a flatter derivative curve for waveform fitting would give us more optimization orientation, so we introduce the polynomial
basis. As long as the polynomial order is high enough and the parameters are selected properly, the polynomial series of Eq. (10) is able
to fit any current waveform. Based on the first Stone-Weierstrass theorem, continuous functions on closed intervals can be uniformly

approximated by polynomial series, that is, any continuous function is fitted as:

f)=axX" +a, 1 X"+ +ax+a (10)

Consequently, several different approximation models are proposed in this paper as follows.

2.2.1. Piecewise polynomial series (Model.1a/1b1c)

According to the characteristics of TMS current waveform, the polynomial in Eq. (11) divides the TMS current waveform into three
segments, in which 0 ~ ey is the first segment, e; ~ ey is the second segment and ez ~ t is the third segment. Each cubic polynomial is
enough to fit one segment of the TMS waveform. Three different TMS current waveforms (i.e., biphasic double peak (BDP, Model.1a),
monophasic double peak (MDP, Model.1 b), monophasic single peak (MSP, Model.1c) are obtained by controlling the zero-crossing
points and trend of waveforms.

ax +h x> +ex+d (0<x<e)
@) =% @ +hx* +cx+dy (e <x<ey) amn
a + b desx+ds (e <x< 1)

2.2.2. Trigonometric series (Model. 2a/2b/2c)

The full-sine current is the most commonly used waveform in TMS. The sinusoidal model as shown in Eq. (12) is considered to be
connected by two different functions, similar to the form of Eq. (9), where e; and t are zero crossing points of the waveform. By
controlling zero-crossing points and waveform trend, three trigonometric series models are established: biphasic sine (Model. 2a),
rectified sine (Model. 2b), half-sine (Model. 2c).

[ Dy +A;sin(Bix+C)) (0<x<e)
fz(x)_{Dz + A, Sil’l(BgX*‘rCz) (61 §X<t) (12)

2.3. Multi-objective particle swarm optimization

In some engineering problems, many objectives need to be optimized at the same time. Such objectives are mutually exclusive, that
is, the increase of one objective results in the reduction of other objectives. In this paper, two objectives need to be optimized, i.e., Joule
heating and vibration energy, which are not directly related. They may conflict with each other in the process of optimization. The
mathematical model of multi-objective optimization problem is described as follows:
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Minimize y = g(x) = (g1(x),82(x), .-, gm(x))
subject to h;i(x) <0,i=1,..1
() <0,/ =1,.. (13)
X < xy < 2,V

where x is the decision vector and y is the goal vector. h;(x) and k;(x) are inequality and equality constraints respectively. x,(,f) and xﬁ])
represent the lower and upper boundaries of decision variables respectively.

Particle swarm optimization (PSO) is an evolutionary technology based on swarm intelligence, which simulates social behavior.
Due to its unique search mechanism, excellent convergence performance and convenient computer implementation, PSO has been
widely used in the field of engineering optimization. MOPSO, whose mathematical model can also be simply described by Eq. (13), is a
generalization of PSO, the Pareto front of two objectives is obtained at last. The basic steps of MOPSO are as follows:

1) Initialize the particle population and non-dominated solution set;

2) Update the population of particles;

3) Update the non-dominated solution set;

4) Update the optimal solution of each particle according to the update strategy;
5) Judge whether the termination conditions are met.

As a whole, the steps of the multi-objective optimization method for coil current waveform of transcranial magnetic stimulation are
shown in Fig. 1.

3. Theoretical optimization results
3.1. Reference waveform

In this paper, the reference full-sine, rectified sine and half-sine current waveforms are selected as the reference current waveforms
[39]. The rectified sine, which is not very common, is a waveform for exploration, and is used to compare with the other two of the

Coil
current

+ Coil current modeling +

Polynomial approximation [rigonometric Approximation
Biphasic, monophasic(1l and Biphasic, monophasic(l and 2
2 wave crest) wave crest)
[ ]
Optimal objectives Constraints

v v Y v

Joule heating Vibration energy Membrane Coil voltage

_4[2 - 517 potential di
H =4[t ZW_Z?L wdt g
dt
| | | J
——
[ Update particle swarm |

Update non-inferior solution and best
point

If the conditions are satisfied?

N

| Obtain the Pareto front of
each model

(Obtain the current waveform)

Fig. 1. The overall steps of the proposed optimization method.
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same pulse widths to investigate the effect of the difference in waveform shape on each index. The pulse width (PW) of the reference
waveforms is set as 400 ps. This value is inspired by the optimization results of [29], the pulse width of which are wider than the
common ones. Longer pulse widths can sometimes reduce the maximum coil voltage required to reach a specified stimulus intensity,
improving the achievability of optimized waveforms. Therefore, the reference pulse width is chosen to be 400 ps, which is probably
larger than the common pulse width. Of course, this is only a benchmark, and can be adjusted according to the specific situation if
needed. In addition, perhaps unlike the common case where the half-sine pulse width is half of the full-sine pulse width, the two are set
equal in this paper. Because the variable of interest in this optimization method is the shape of the waveform, and in order to ensure a
single variable during the study, we make the variable of pulse width consistent across the reference waves. The coil voltage is
calculated according to Eq. (8). The intracranial induced electric field is directly proportional to the coil voltage, so the intensity of the
induced electric field is directly proportional to di/dt. The amplitude of membrane potential is obtained by the method described
above. The normalized current waveforms, intracranial induced electric field and neuronal membrane potential (assuming that the
resting potential is 0) are shown in Fig. 2.

According to Eq. (1), the Joule heating of the TMS coil generated by the reference current waveforms is calculated. The vibration
energy is also calculated by Egs. (2)-(7).

Other parameters are shown in Table 1. In the subsequent optimization, the maximum amount of membrane potential of the
optimized waveform should be larger than the reference waveform. Due to the different shape of waveforms, the optimized waveforms
calculated by Model.1a/2a, Model.1b/2b and Model.1c/2c are compared with the reference full-sine, rectified sine and monophasic
half-sine respectively. Fig. 3 shows a set of Pareto fronts for all models considering the dual optimization objectives. The optimization
results of each reference waveform under different models are introduced in the following part.

3.2. Piecewise polynomial fitting (Model.1a/1b/1c)

Model.1a/1b/1c are used as the waveform fitting model in this part. The initial parameters of MOPSO: the population size is 200,
the repository size is 100, and the number of iterations is 200. Taking the solution results of Model.1a as an example, the Pareto front of
the last iteration is shown in Fig. 4. The abscissa of the blue dotted line is 1.9205, i.e., the Joule heating of the reference full-sine
waveform (the vibration energy is 1.74, which is greater than the upper limit of the axis in Fig. 4). In fact, all the solutions on the
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Fig. 2. The waveforms of current, intracranial induced electric field and membrane potential (the reference current) (a) reference full-sine; (b)
reference rectified sine; (c) reference half-sine. (Neuronal membrane parameter: t,, = 150 ps)
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Table 1

Parameters of reference Currents (Unit:p.u.).

Heliyon 9 (2023) e13541

Type PW/us Max. current Membrane potential (MP) amplitude Max. Uy, Joule heating Vibration energy
Full-sine 400 1.0000 0.1300 0.1571 1.9205 1.7411
Rectified sine 400 1.3645 0.1300 0.2143 3.5748 6.4249
Half-sine 400 1.7717 0.1300 0.1391 6.0267 2.5943
* refrence full-sine
8 o °© * refrence rectified sine
7 refrence half-sine
6 . 06° optimized biphasic sine (BS)
é}; 5 ° o optimized rectified sine
g g' @D% ° optimized half-sine
4 Jﬁ 02 2 a0 of f:-.a ¢ 020 o optimized biphasic double peak (BDP)
23 2% 2 I o o optimized monophasic double peak (MDP)
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0

Fig. 3. All Pareto fronts (The red, of the solutions superior to the refer-

ence waveforms.).

blue and green dashed lines represent the distribution range
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Fig. 4. Pareto front of Model.1a (in the last iteration).

left side of the blue dashed line are better than the reference full-sine current. The black circle is part of the dominated solutions, the
red asterisk is the non-dominated solutions. The set of all non-dominated solutions is the Pareto front during this iteration.

The Pareto fronts of Model.1b and Model.1lc are also obtained. Taking one of the non-dominated solutions as an example, the
optimized coil current, intracranial induced electric field and membrane potential waveforms of Model.1a/1b/1c are shown in Fig. 5,
other relevant parameters are shown in Table 2.

The negative amplitude of the optimized BDP (Model. 1a) current (Fig. 5(a)) reaches 0.7034 at t = 229 ps, the positive amplitude
reaches 0.7118 at t = 312 ps. The current pulse width of optimized BDP is 479 ps. Different from the reference waveform, the current
waveform of optimized BDP is not completely symmetrical. The amplitude of the optimized BDP current is 28% lower than that of the
reference full-sine. In other words, if the maximum current of the reference full-sine is 3000 A, the maximum current of the optimized
BDP is only 2160 A. Besides, the Joule heating reduces by 50%, while the vibration energy reduces by 45%. From the perspective of the
current waveform, the optimized BDP current can greatly reduce the Joule heating and vibration energy of the coil, thus reducing the
heat and clicking noise of the coil.

The optimized MDP (Model. 1 b) current waveform (Fig. 5(b)) is asymmetric. The maximum current of the first peak is 0.4731 at t
= 427 ps, the pulse width of the first peak is 468 ps. The maximum current of the second peak is 1.7 at t = 573 s, the pulse width of the
first peak is 384 ps. Compared with the reference rectified sine, the Joule heating is reduced by 11%, and the vibration energy is
reduced by 5%. The overall pulse width of the optimized MDP waveform reaches 811 ps, hence the coil voltage decreases by 19%.

The maximum current of the optimized monophasic single peak (MSP) waveform (Fig. 5(c)) is 1.441 at t = 156 ps, and the current
pulse width is 322 ps. Due to the decrease in pulse width, the coil voltage increases slightly. However, the maximum current of
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Fig. 5. The waveforms of current, intracranial induced electric field and membrane potential (a) optimized BDP; (b) optimized MDP; (c) optimized

monophasic single peak (MSP).

Table 2

Parameters of optimized waveform by Model.1a/1b/1c¢ (Unit:p.u.).

Type PW/ps Max. current Membrane potential (MP) amplitude Max. Uy, Joule heating Vibration energy
Optimized BDP 479 0.7118 0.1305 0.1961 0.9594 0.9579
Optimized MDP 811 1.700 0.1328 0.1841 3.3623 6.371

Optimized MSP 322 1.441 0.1305 0.2066 3.2292 1.4974
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Fig. 6. The waveforms of current, intracranial induced electric field and membrane potential (a)optimized biphasic sine; (b) optimized rectified

sine; (c) optimized half-sine.
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optimized monophasic single peak (MSP) is 30% less than the reference half-sine. The Joule heating and vibration energy also
decreased by 61% and 47%, respectively.

3.3. Trigonometric fitting (Model.2a/2b/2c)

The initial condition of MOPSO is the same as that of the piecewise polynomial fitting for the trigonometric fitting. The Pareto
fronts of optimized biphasic sine, rectified sine and half-sine are obtained by using Model.2a/2b/2c, respectively. The waveforms of
coil current intracranial induced electric field and membrane potential corresponding to a certain non-dominated solution of Mod-
el.2a/2b/2c are shown in Fig. 6, other relevant parameters are shown in Table 3.

Different from the reference full-sine waveform, the optimized biphasic sine waveform (Fig. 6(a)) has two different peaks. The
pulse width of the negative peak is 73 ps, the maximum current is 0.8233; the pulse width of the positive peak is wider, which is 97 ps,
and the maximum current is 0.7901. In this case, the Joule heating and vibration energy are reduced by 71% and 23% respectively
compared with the standard full-sine. However, since the overall pulse width is only 170 ps, the maximum coil voltage is increased.
Since the waveform optimization in this paper is not limited to a specific circuit structure, and there are designs with modular
structures to achieve higher coil voltages [38], the upper limit of the voltage constraint is set relatively high in the optimization process
for the purpose of reducing the limitations on the waveform optimization results. The upper limit of the voltage constraint can be
adjusted or lowered according to the actual situation if a more explicit circuit parameter limit is existed based on the reality when using
the method in this paper.

From Fig. 6(b), it is obvious that the first peak of the optimized rectified sine current is much larger than the second peak. The
maximum current of the first peak is 1.647, while the pulse width is 267 ps. The maximum current of the second peak is only 0.1265,
and the pulse width is 86 ps. In fact, the waveform trend of other Pareto front solutions is almost the same. Compared with the
reference rectified sine waveform, the Joule heating and vibration energy are reduced by 6% and 61%, respectively. The maximum
voltage of the coil is decreased by 13%.

The pulse width of optimized half-sine (Fig. 6(c)) is 275 ps, The Joule heating and vibration energy is 57% and 9% less than that of
the reference half-sine waveform. The maximum voltage of the coil is increased by 21%.

4. Optimization results discussion

According to the analysis, the biphasic current has more advantages than monophasic current by taking the Joule heating and
vibration energy into consideration. For biphasic current, most of the energy is returned to the circuit because the second peak is
opposite to the first peak, avoiding excessive consumption of the remaining energy on the coil. As for monophasic current, because the
current decays slower, it generates more heat and vibration energy on the coil than the biphasic current. Nevertheless, the monophasic
current has stronger short-term effects than the biphasic current in some cases of rTMS. The monophasic current pulses preferentially
activate one group of neurons in the same direction, so the stimulation effects are easy to superimpose. On the contrary, the biphasic
current pulse may activate several different groups of neurons, the effect is not as clear as the monophasic current [40]. Consequently,
it is difficult to explain which type of current waveform (biphasic or monophasic) is better as a whole.

In addition, the waveforms of the intracranial induced electric field generated by different currents are different. At present, there is
no direct relationship between the stimulation effect and the intracranial induced electric field, but different types of the intracranial
induced electric field are able to enrich the diversity of TMS stimulation. In Fig. 2(a) and (b), the waveforms of the intracranial induced
electric field are almost smooth continuous curve; in Fig. 2(c), the intracranial induced electric field reaches the minimum value at the
zero-crossing point of the current. In Fig. 5(b), the intracranial induced electric field is a biphasic near-rectangular waveform; in Fig. 5
(c), the intracranial induced electric field is a stepped waveform with different values. In Fig. 6(b), two attenuated peaks with different
magnitude and amplitude of intracranial induced electric field are generated. To sum up, on the one hand, the Joule heating and
vibration energy of the coil are reduced by optimizing the current waveforms, on the other hand, the diversity of the intracranial
induced electric field is greatly enriched.

A more detailed comparison of the optimization results might have led to more instructive suggestions. In Fig. 6(a), the current
waveform is similar to the reference full-sine waveform in Fig. 2(a), but the intracranial induced electric field waveform of Fig. 6(a) has
a “spike” due to different pulse width and amplitude of peaks. This inconsistency is more evident when the polynomial is used as the
basis for fitting as shown in Fig. 5(a), the intracranial induced electric field is a monophasic near-rectangular waveform. From Fig. 3,
the optimized biphasic sine (BS) (yellow dot) and the optimized BDP (purple dot) can achieve the best effect. Their common feature is
that the two peaks are approximately but not completely symmetrical. This may be due to the fact that the rising edge of the current
contributes more to the peak generation of MP [39]. This guides us to improve the flexibility of our existing TMS product waveforms,
which means upgrading the stimulus circuit, for example, by using a dual-capacitor structure with different capacitance voltages to

Table 3

Parameters of optimized waveform by Model.2a/2b/2¢ (Unit:p.u.).
Type PW/us Max. current Membrane potential (MP) amplitude Max. Uy, Joule heating Vibration energy
Optimized biphasic sine 170 0.8322 0.1370 0.3508 0.5532 1.337
Optimized rectified sine 353 1.6468 0.1375 0.1985 3.5324 2.6192
Optimized half-sine 275 1.6537 0.1371 0.1969 3.6023 2.5668
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generate an asymmetric induced electric field, as Ref. [9] does, which helps us to better achieve the set multi-objective optimization
goals. It should be noted that, this degree of asymmetry is not the larger the better, because we are limited by the two optimization
objectives together. For example, the red circle in Fig. 3 represents a biphasic double waveform that the second peak (amplitude: 1.46,
pulse width: 270 ps) is significantly larger than the first peak (amplitude: —0.30, pulse width: 62 ps). It can be found that the Joule
heating is less than the reference full-sine, but the vibration energy is much larger. However, one peak of the optimized waveform
might be obviously larger than the opposite peak if the Joule heating is taken as the optimization objective only [19].

We can also find that generally the narrower the pulse width corresponds to less heat generation. When the MP reaches the set
value, if the current drop quickly, the heat can be effectively reduced. However, too narrow a pulse width may result in the need for a
larger magnitude of current to produce a stimulus of sufficient intensity, increasing the vibration energy instead. The optimization
process in this paper does not focus on the influence of pulse width on the stimulation effect [9,41], mainly because the influence of
pulse width is also related to the choice of rTMS protocol [42], and this paper temporarily only focuses on the stimulation intensity
index of a pulse waveform, as done in Ref. [9,36,37]. However, this influence will be taken into account in further studies.

To sum up, the multi-objective optimization method for coil current waveform of transcranial magnetic stimulation proposed in
this paper is able to obtain several different optimized waveforms which aims at reducing the joule heating and vibration energy. It can
reduce the energy dissipation at its root and has certain research value in optimizing the current and providing diverse electric field
waveforms of TMS. It can also provide guiding suggestions for stimulus circuit construction.

5. Experiment validation

A proof-of-principle experimental platform is built to prove the realizability of the proposed optimization method for coil current
waveform. Fig. 7 shows a diagram of the main circuit elements of the device, and the experiment platform is shown in Fig. 8. A 32 pH
figure-of-eight coil is connected to the energy-storage capacitors C; (600 pF) and Cy (2000 pF) through two half-bridge circuits, each of
which is implemented with the FF300R17KE3 IGBT-module [9]. High current in practical applications can be achieved by selecting
IGBT-modules with higher ratings. The TMS320F28335 control card is used as the controller. A ringing suppression snubber circuit is
designed for each half-bridge to reduce the common ringing at the end of the waveform in such pulse width controllable TMS (cTMS).
Hence, waveform fitting can be achieved more accurately, and unnecessary heating can be reduced by this ringing suppression-cTMS
(RS-cTMS). By adjusting the switching sequence and the charging voltage of the two capacitors, the required coil voltage waveform can
be achieved. Consequently, the induced electric field which is proportional to the coil voltage, fitted by the aforementioned model can
be realized.

Since the waveform fitted by trigonometric function can be realized by existing products, the waveform in Fig. 5(a) with the best
optimization effect (optimized BDP) is selected for experimental verification, and other waveform fitted by piecewise polynomial can
be obtained similarly. Fig. 9 illustrates the normalized waveform of the optimized BDP current implemented with the experimental
platform and the corresponding coil voltage which is proportional to the induced electric field.

The initial energy-storage capacitor voltages are VC1 = 150 V and VC2 = 38 V. The pulse consists of coil voltage steps of —VC2,
VC1, and —VC2, the end time of each step is respectively 229 ps, 312 ps and 481 ps [9].

The change of membrane potential, joule heating and vibration energy caused by the experimental waveform are calculated after
normalization, and the results are presented in Table 4 and Fig. 10. Under the same stimulation effect, most indexes of the experimental
optimized BDP waveform are much lower than the full-sine counterparts, validating the advantages of the proposed BDP waveform.

The pulse width and the current amplitude of theoretical and experimental waveforms are quite close, with an error within 2%. The
error can be further eliminated by adjusting the storage capacitance value and the inductance value of the stimulus coil. Although both
the current amplitude and pulse width are larger than the theoretical calculation, the actual heating is slightly smaller. It is mainly
because that the current change rate of the third step in the actual discharge process is decreasing, hence, the integral value of the
current square of this step is smaller than the theoretical calculation. Vibration energy is bigger because it is proportional to the
biquadrate of current amplitude. Additionally, the high-frequency oscillation caused by the parasitic parameters in the experiment
circuit also increases the vibration energy. Similarly, the high-frequency vibration increases the peak voltage of the coil, but the
maximum voltage recorded in Table 4 refers to the coil voltage that has a practical effect on stimulating the cell after being filtered by
the equivalent filter of the membrane.

Above experiment results prove that the stimulation waveform fitted by the optimization method can be physically realized.
Moreover, compared with the already-existing stimulation waveform, the fitted waveform can indeed optimize the joule heating and
vibration energy under the same stimulation effect.

Ringing Ringing
—L_ | Suppression Suppression | ——
Ci= Snubber Snubber | | ¢:
Circuit Circuit
_|

Fig. 7. Diagram of main elements of the experimental platform.
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Fig. 9. The normalized experimental waveform of optimized BDP current and coil voltage.

Table 4

Parameters of experimental Optimized Waveform by Model.1a (Unit:p.u.).
Type PW/us Max. current Membrane potential (MP) amplitude Max. U Joule heating Vibration energy
Full-sine 400 1 0.1300 0.1571 1.9205 1.7411
Optimized BDP 479 0.7118 0.1305 0.1961 0.9594 0.9579
Experimental optimized BDP 481 0.7267 0.1310 0.1913 0.9443 1.1503

I Full-sine (400 ps)
[ Optimized BDP (479 ps)
[ Experimental Optimized BDP (481 pis)

Amplitude / p.u.

Max UL Max current  Joule Vibtation

Fig. 10. Comparison of experimental optimized BDP and theory waveform.

6. Conclusion

This paper presents a more implementation-friendly multi-objective waveform optimization method to improve heat and noise
problems at the same time, and guide the TMS circuit construction. The waveform parameterization is carried out with considerations
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more specific to TMS. Firstly, the relationships between the TMS current and the Joule heating and vibration energy of the coil are
constructed, and the commonly used current waveforms are classified and modeled. The Pareto fronts satisfying the optimization
objectives are solved by using the MOPSO algorithm. The optimized current waveforms are deduced and analyzed. Finally, the
feasibility of the current waveform obtained by the proposed method is validated through experiments. The results show that the Joule
heating and vibration energy produced by the optimized BDP current constructed by Model.1a are the least. The optimized waveforms
constructed by other current models also perform better than the reference current waveforms. Besides, the optimized current
waveforms generate a variety of different intracranial induced electric field waveforms, which provide references for improving the
diversity of TMS.

It should be noted that the optimization results in this paper are based on a particular coil structure, and the optimization results
obtained may differ depending on the coil structure, as the coil structure can have an impact on the noise level. Hence, the method in
this paper can also be used as a part of iterative optimization of coils and waveforms. After determining the basic parameters of the
waveform under a specific optimization objective using the optimization method in this paper, the coil structure can be designed for
the waveform [43], and then the parameters related to the coil can be brought back to the optimization algorithm to further optimize
the waveform. In future research, we plan to take the influence of pulse width on the stimulation effect into consideration for opti-
mization and work on building prototypes with power levels sufficient to achieve TMS for further validation of the optimization
method.
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