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Abstract—Transcranial magnetic-acoustic electrical 

stimulation (TMAES) is a new technology with ultrasonic 

waves and a static magnetic field to generate an electric 

current in nerve tissues to modulate neuronal firing 

activities. The existing neuron models only simulate a single 

neuron, and there are few studies on coupled neurons 

models about TMAES. Most of the neurons in the cerebral 

cortex are not isolated but are coupled to each other. It is 

necessary to study the information transmission of coupled 

neurons. The types of neuron coupled synapses include 

electrical synapse and chemical synapse. A neuron model 

without considering chemical synapses is not 

comprehensive. Here, we modified the Hindmarsh-Rose 

(HR) model to simulate the smallest nervous system—two 

neurons coupled electrical synapses and chemical synapses 

under TMAES. And the environmental variables 

describing the synaptic coupling between two neurons and 

the nonlinearity of the nervous system are also taken into 

account. The firing behavior of the nervous system can be 

modulated by changing the intensity or the modulation 

frequency. The results show that within a certain range of 

parameters, the discharge frequency of coupled neurons 

could be increased by altering the modulation frequency, 

and intensity of stimulation, modulating the excitability of 

neurons, reducing the response time of chemical 

postsynaptic neurons, and accelerating the information 

transferring. Moreover, the discharge frequency of neurons 

was selective to stimulus parameters. These results 

demonstrate the possible theoretical regulatory mechanism 

of the neurons' firing frequency characteristics by TMAES. 

The study establishes the foundation for large-scale neural 

network modeling and can be taken as the theoretical basis 

for TMAES experimental and clinical application. 

Keywords—Electric field, Firing behaviors, HR model, 

Transcranial magnetic-acoustic electrical stimulation 

(TMAES). 

I. INTRODUCTION 
euromodulation technology, such as transcranial direct 
current stimulation (tDCS) [1-6], transcranial magnetic 

stimulation (TMS) [7-10], and transcranial ultrasound 
stimulation (TUS) [11-14], can treat neuropsychiatric disorders. 
Neuromodulation technology is increasingly used for the 
research of information processing in neural networks. 
However, the electric fields generated by TMS and tDCS are 
widely distributed, which is unable to locate specific target 
areas in the brain, with low spatial resolution. Although TUS 
with high resolution and has clinical potential for treating 
nervous system diseases, the thermal effect of high ultrasound 
intensity may cause tissue damage [15-16]. TMAES is emerging 
as a new type of non-invasive brain stimulation modality, with 
advantageous characteristics of high spatial resolution and low 
ultrasound intensity [17]. The modulation of TMAES has been 
demonstrated in many previous studies. Norton [18] proved that 
the coupled field generated by propagating ultrasound in a static 
magnetic field can locally stimulate the biological tissues of the 
cerebral cortex in the ultrasound focus area. Yuan [19] got the 
analytical solution for the voltage distribution based on the 
cable model of intracellular potential under TMAES. We have 
modified the Izhikevich model [20] of a neuron with the 
mechanoelectrical effect of TMAES [21]. There are few studies 
on coupled neuron models with both electrical and chemical 
synapses. Also, the coupled neuron models about TMAES are 
still important. 

Reliable neuron models provide a method for understanding 
the potential mechanisms of signal processing in neuroelectric 
activity under external stimulation. Hodgkin [22] and Huxley 
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established a neuron numerical computational model, the 
Hodgkin-Huxley (H-H) model, which mainly considers the 
influence of ion channel current on cell membrane potential. In 
1982, Hindmarsh [23] and Rose established a two-dimensional 
model, the Hindmarsh-Rose (HR) neuron model, which is a 
simplified H-H model with low complexity and is suitable for 
the simulation of neurons. In 1984, Hindmarsh [24] and Rose 
modified the original HR model and added a regulated current 
variable to make it a three-dimensional model. The HR model is 
a classic model that describes the firing behavior of neurons. It 
considers the effects of various ions on action potentials as a 
whole. It is easier to achieve numerical calculations. It is a 
common model for analyzing biological neurons and can 
simulate neuronal electrical activity and frequency 
characteristics. Some modified HR models have been studied 
[25-27]. However, there are few studies on neuron model 
coupled systems about TMAES. The HR model is commonly 
used with electrical stimulation. It is worth noting that these 
studies consider only direct current as an external input and it 
cannot depict the ultrasound. So we modified the HR model to 
describe the neural firing under TMAES.  

Despite the effect of TMAES has been successfully proven in 
studies, the full mapping that demonstrates the frequency 
characteristics of the discharge of stimulation parameters 
synapses especially chemical synapses remains missing. Ma [28] 
introduced a new field variable into the FitzHugh-Nagumo 
model [29] to investigate a new neuron model that takes the 
effects of the electric field into account. Ma [27] added a 
coupling factor to the HR model that focuses on the information 
exchange between synapse-coupled neurons under magnetic 
flow. In order to understand the effects of TMAES on coupled 
neurons, with the important role of induced electric field effect 
on neural firing activity considered, the HR model was modified 
to investigate the firing activities of the coupled neurons under 
TMAES. 

Inspired by the models in [27-28], a new neuron model is 
proposed by introducing a new field variable to consider the 
effect of the induced electric field under TMAES. We described 
the neural discharge activity with TMAES taking into account 
the changes in membrane capacitance caused by ultrasound. In 
this paper, we study the effects of magnetic-acoustic electrical 
stimulation on electrical and chemical synapses based on the 

modified HR model and carry out theoretical analysis and 
numerical simulation. We take the smallest nervous 
system—coupled neurons to conduct research and modify the 
HR model to describe the mechanism of the induced electric 
field and ultrasound field of TMAES on neurons, and analyze 
the effect of TMAES on interacting nerves. Our work provides 
theoretical evidence on how TMAES regulates the neural 
activity and supports the predictions as the potential mechanism 
of memory-enhancing of TMAES. 

II. METHODS 

A. Magnetic-acoustic electrical effect 

TMAES can produce the magnetic-acoustic electrical effect 
and periodic change of the cell membrane capacitance without 
causing tissue damage. The proposed model of 
magnetic-acoustic electrical effect is shown in Figure. 1. 
Charged ions move in the brain tissue under ultrasound. There is 
a static magnetic field perpendicular to the ions and ultrasonic 
waves that subject the charged ions to the Lorentz force. The 
movement of ions creates an induced electric field. 

The particle q oscillates in the tissue at a velocity v by the 
mechanical effect of ultrasound waves. In the static magnetic 
field B, the Lorentz force F is  

= q F v B . (1) 
The magnitude of v is described as  

P
v

ρc
= , (2) 

where P is the ultrasonic pressure, ρ denotes tissue density and c 

is the speed of ultrasound in tissue. 
Lorentz force is rewritten as  

= P
q
ρ

F B
c

. (3) 

The J is the density of the induced current intensity, besides 
σ, is the tissue conductivity, obeys the equation 

q


F
J . (4) 

where σ is the conductivity of biological tissue. 
The classical relation of the Lorentz force F and electric field 

E can be expressed as 

q


F
E = = v B . (5) 

According to the above equation, we obtain the scalar form of 
J is 

sinPB
J σ

ρc
  (6) 

where   is the angle between the magnetic induction intensity 
of the static magnetic field and the direction of ultrasonic 
propagation. 

Therefore, the main parameters of TMAES are ultrasonic 
pressure P, tissue density ρ, magnetic induction intensity B, and 
electrical conductivity J. The magnetic-acoustic electrical 

 
Figure 1. Schematic diagram of TMAES 
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effects on the charged particles in biological tissues can act on 
brain tissue. The electrical activity of neurons under ultrasound 
involves the mechanical effect [30-32]. When periodic 
ultrasound acts on neurons, as the tension generated by the 
ultrasound increases, the cell membrane deforms, the neuron 
membrane capacitance is changed, thereby changing the 
membrane potential and affecting the neuron discharge. The 
average membrane capacitance is time-dependent. This 
primarily is attributed to current changes induced by the change 
of capacitance. Under the action of ultrasound with frequency f, 
the periodic change of the cell membrane capacitance Cm per 
unit area can be approximately derived by [21][31] 

= (2π ) cos(2π )m
amp

dC
f C ft

dt
, (7) 

which describes the electromechanical effect, when f=690 kHz, 
the membrane capacitance peak value Camp is 0.8, and when t=0, 
Cm=Cm0=1.0, represents the cell membrane capacitance in the 
resting state [32]. f is ultrasound frequency. 

B. Modified Hindmarsh-Rose Model 

The original HR model contains the external current Iext. 
When the classical HR model is used in the simulation under 
TMAES, the effect of the induced electric field will be ignored. 
The neuron model under induced electric field Eext has been the 
key factor of the nerve regulation effect of TMAES. We 
conduct Eext on the modified HR model to simulate electric field 
and analyze the biological effects caused by TMAES. The 
modified HR model is described by the differential equations 
below: 

3
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where x, y, z are the membrane potential, slow, and adaption 
current, respectively. Iext is the imposed current and E is the 
electric field around the neuron, r and k are the inherent 
parameters of biological tissues, Eext is the external electric field, 
which represents the TMAES. Eext can generate current Iext, and 
Iext=σEext, where σ was 0.276 [33]. 

C. Coupled Hindmarsh-Rose Model System 

. In the nervous system, according to the structure and 
transmission mechanism of synapses, it can be divided into 
chemical synapses and electrical synapses. In this paper, the 
synapse is a system coupled with two neurons. Based on the 
modified HR model, the electrical and chemical synapse model 

under TMAES was established. Assume that the pre-synaptic 
and post-synaptic neuron pairs have the same effect on each 
other. TMAES is applied to presynaptic neurons. 

The expression of the two HR neuron models of coupled 
excitatory-excitatory synapse under TMAES is described by (9), 
where k1 is the synaptic coupling strength and k2 is the electric 
field coupling strength. k1 and k2 are both set to 0.5. u is an 
environmental variable, represents the positive feedback of 
mutually coupled neurons is an indirect coupling [25][27]. To 
show the influence of presynaptic neurons on postsynaptic 
neurons, make G1=u. G2 means other external effects except for 
TMAES, considering that neuroelectric signals can only be 
transmitted from presynaptic neurons to postsynaptic neurons. 
In the chemical synapse, G1=u, G2=0, and for the electrical 
synapse G2=G1=u [27]. 
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D. TMAES waveform 

The electric field induced by TMAES is the product of the 
coupling of ultrasound and static magnetic fields. We used 
modulated ultrasound waves to simulate TMAES. In this paper, 
the ultrasonic frequency ( f ) is 690 kHz, which is modulated by 
a square wave with an intensity A, a frequency fsq, and a duty 
cycle D.The TMAES consists of a  periodic modulated sine 
wave. The sine wave with frequency f represents the 
unmodulated ultrasound, and the square wave with frequency fsq 
is the modulated wave. 

Figure 2 shows the TMAES waveform, where is the square 
wave modulating sinusoidal ultrasonic wave with frequency 
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690kHz. The modulated ultrasound is used for TMAES to study 
the effect of TMAES on coupled two neurons firing activity. In 
this paper, the modulated ultrasound was used as TMAES to act 
on the simulation of the influence of TMAES on the coupled 
Hindmarsh-Rose model. the parameters of the square wave 
were changed to alter the TMAES. TMAES parameters: 
modulated frequency fsq, duty cycle (D), and intensity A. 

 

III. RESULTS 
Electrical and chemical synapse were simulated, 

respectively, under the TMAES with different intensities during 
the first one second. In this paper, we consider the effects of the 
two parameters, which are the intensity A and the modulated 
frequency fsq. 

A. Model(1): electrical synapse 

TMAES with modulation frequency fsq and duty cycle D were 
50Hz and 50. TMAES intensity A is 0.1, 0.2, 0.3 and 0.5, 
respectively. The time series of two neurons' membrane 
potential obtained is shown in Fig. 3. X1 represents the 
membrane potential of the presynaptic neuron, and X2 
represents the membrane potential of the postsynaptic neuron. 
Short-term stimulation (<250ms) has a higher neuron firing 
frequency and a stronger synchronization of neurons than 
long-term stimulation(>250ms) are shown in Fig. 3. And the 
nervous system's firing appears as an asynchronous firing. 
Long-term stimulation reduces the firing frequency. A 
postsynaptic neuron is bursting during long-term stimulation. 
As the TMAES intensity increases, the amplitude increases 
slightly under the short-term stimulation as the intensity 
increases, and the long-term stimulation decreases membrane 
potential amplitude of bursting. When A was 0.5, the early 
synchronization stage is shortest and the later bursting stage is 
the longest in Fig. 3. When the intensity A is 0.1, 0.2, 0.3, 
respectively, the firing frequency of the model increases as the 
TMAES intensity increases. When A was 0.2, 0.3, 0.5, 
respectively, the membrane potential amplitude exhibit a slight 
increase, the electrical synapse discharge regularity decreases in 
the bursting stage. This shows that only stimulation within a 
certain intensity range can make neurons into a periodic 
discharge state. When the stimulation intensity is different, the 
stimulation duration affects the neuron firing activity and then 
affects the synchronization duration of the electrically coupled 
neurons system. Besides the electrical coupling system is 
selective to the stimulation intensity.  

To know how the TMAES modulation frequency fsq acts on 
the firing of the electrical synapse, the intensity A, and duty 

cycle D were 0.5 and 50. The modulation frequency is 25Hz, 
50Hz, 75Hz, and 100Hz, respectively. The coupled neurons’ 
firing activities under different modulation frequencies are 
shown in Fig. 4. The synaptic firing frequency of the electrical 
synapse is affected by the modulation frequency. With the 
modulation frequency increasing, the neuron firing frequency 
also increases, and the early spiking time decreases at first and 
then increases. The fsq also affects the synapse firing frequency. 
In addition, as the fsq increases, TMAES changes rapidly 
causing frequent dielectric polarizing. Under different fsq of 
TMAES, the short-term stimulation amplitude varies very little, 
and membrane potential amplitude during the long-term 
stimulation becomes smaller. The electrical coupling system is 
selective to the modulation frequency. According to the 
required stimulation effect, the appropriate modulation 
frequency can be selected.  

  

B. Model(2): chemical synapse 

Different firing behaviors can be observed by changing the 
TMAES intensity. The TMAES intensity should be set to be the 
same as the intensity in Model (1), but the postsynaptic neuron 
has no action potential as A=0.1, so the stimulation intensity A is 

 
Figure 4. TMAES with different modulation frequency fsq on the 
electrical synapse, A=0.5, D=50 respectively. Initial values for all 

the figures are [1,1,1,1,1,1,1,1,1,1]. 
 

 

Figure 3. TMAES with different intensities on the electrical 
synapse, A=0.1, 0.2, 0.3, 0.5, respectively. Initial values for all the 

figures are [1,1,1,1,1,1,1,1,1,1]. 
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Figure 2. TMAES waveform 
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0.1, 1, 3, and 5, respectively. TMAES modulation frequency fsq 

and duty cycle D were 50 Hz and 50. TMAES intensity A is 0.1, 
1, 3, 5, respectively. The two neurons coupling chemical 
synaptic discharge activity under different intensity is shown in 
Fig. 5. The presynaptic neuron X1 receives TMAES directly. 
The first action potential of the postsynaptic neuron X2 firing 
after 500ms as A=3 and the periodic action potential of the 
postsynaptic neuron appeared at 250ms as A is 5. With the 
increase of stimulation intensity, the earlier the periodic 
postsynaptic action potential appeared. It can be observed that 
the TMAES accelerated the firing of the first action potential of 
postsynaptic neurons. Unlike electrical synapses, chemical 
synapses are not synchronized, the speed of the information 
transmission of the chemical synapse is slower than the 
electrical synapse. It’s caused by the difference in the 
information transmission mechanism of the chemical synapse is 
more complicated than the electrical synapses. The greater the 
stimulation intensity, the lag time between the action 

potentials of the presynaptic and postsynaptic neurons of the 
chemical synapse. And it may be because TMAES accelerate 
the information processing of the coupled neural system.  

With the increase of stimulation intensity, the firing 
frequency of postsynaptic neurons increases. Compared with 
electrical synapse, exciting postsynaptic neuron requires bigger 
TMAES intensity. TMAES has no significant effect on the 
amplitude of neuronal action potentials between 

synapse-coupled neurons. Increasing the TMAES intensity can 
increase the firing rate of neurons. It mainly adjusts the firing 
frequency of the neural system. This may be due to the 
redistribution of ions caused by the induced electric field and 
the change of ion concentration. The nerve excitability is 
increased by the regulatory effect on the neuronal electrical 
activity of TMAES. 

The intensity A is 5, D is 50, only the modulation frequency 

 
 
Figure 5. TMAES with different intensities on the chemical 
synapse, A=0.1, 1, 3, 5, respectively. Initial values for all the 
figures are [1,1,1,1,1,1,1,1,1,1] 
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fsq is changed. The excitation-excitation coupled chemical 

synaptic neuron membrane potential obtained at different 
modulation frequencies fsq is shown in Fig. 6. Short-term 
stimulation produces faster first action potentials of presynaptic 
neurons. The firing activity of neurons in this coupling system is 
not synchronized. In addition, as the modulation frequency 
increases, the first action potential of a postsynaptic neuron 
appears earlier. The discharge of the chemical synapse appears 
as an asynchronous discharge. The chemical coupling system is 
selective to the modulation frequency of the TMAES.  

IV. CONCLUSION 
TMAES is a new type of non-invasive neural control 

technology with high spatial resolution. The coupled electric 
field is generated by ultrasound and static magnetic field, which 
indirectly generates stimulation in nerve tissue. Changing the 
parameters of TMAES can regulate neuron excitability and 

affect the transmission of information between neurons in the 
cerebral cortex. It suggests its potential for achieving the 
purpose of treating neuropsychiatric diseases and contributing 
to the prevention and treatment of brain diseases. They may 
elucidate new physical cellular effects of nerve regulation and 
may lead to potential advanced methods of nerve control. 

It provides references for the intervention and treatment of 
neuropsychiatric diseases caused by abnormal neuronal firing 
rhythm, provides theoretical support for the treatment of 
neuropsychiatric diseases by TMAES, and contributes to 
studying the potential mechanism of information processing in 
the nervous system. 

In the next step, we will establish a corresponding 
experimental system to verify the regulatory effect of 
transcranial magnetic acoustic stimulation on neurons and the 
nervous system and promote the research of the clinical 
application of TMAES. 
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