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Hemorrhage imaging is one of the most common applications of magnetic induction

tomography (MIT). Depth and themass of stroke stimulated (MSS) are themost important

issues that need to be solved for this application. Transcranial magnetic stimulation

(TMS) is a technique belonging to the deep brain stimulation (DBS) field, which aims at

overcoming human diseases such as depression. TMS coils, namely, circular, figure-8,

and H-coils, play an important role in TMS. Among these, H-coils individually focus on

the issues of achieving effective stimulation of deep region. MIT and TMS mechanisms

are similar. Herein, for the first time, improved TMS coils, including figure-8 and H-coils,

are applied as MIT excitation coils to study the possibility of achieving the mass of

stroke stimulated and deep detection through MIT. In addition, the configurations of

the detection coils are varied to analyze their influence and determine the optimal coils

array. Finally, MIT is used to detect haemorrhagic stroke occurring in humans, and the

application of deep MIT to the haemorrhagic stroke problem is computationally explored.

Results show that among the various coils, the improved H-coils have MSS and depth

characteristics that enable the detection of deep strokes through MIT. Although the

detecting depth of the figure-8 coil is weaker, its surface signal is good. The deep

MIT technique can be applied to haemorrhagic detection, providing a critical base for

deeper research.

Keywords: magnetic induction tomography (MIT), the forward problem, eddy current, the mass of stroke

stimulated (MSS) coils, transcranial magnetic stimulation (TMS)

INTRODUCTION

Magnetic induction tomography (MIT) is a technique that uses excitation coils to produce an eddy
current field in tissues and uses detection coils to detect tissues and image the internal conductivity
of the tissue. Owing to its characteristics, MIT is suitable to detect brain strokes. If undetected
initially, hemorrhage and ischemic strokes can be fatal or can cause severe non-recoverable damage.
Researchers have been simulating MIT application to assess strokes in the human brain, including
both two-dimensional (2D) and three-dimensional (3D) models, using various models ranging
from a simple sphere model to a real head model. Thus, MIT is advantageous in terms of studying
the human brain because existing research is available on it.
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In 1993, Al-Zeibak used an electromagnetic system to generate
images of simple saline phantoms with electrical conductivities
corresponding to fat and fat-free tissue (Al-Zeibak and Saunders,
1993). In 2007, Merwa used MIT to image 2D edema in the
human brain (Merwa and Scharfetter, 2007). In 2009, Zolgharni
et al. used MIT for the forward modeling and imaging of
3D haemorrhagic cerebral stroke. They used 12 tissues and an
operating frequency of 10 MHz, and the conductivity of the
stroke tissue was nearly equivalent to that of blood (Zolgharni
et al., 2009a,b). Later, Zolgharni et al. used the frequency-
difference MIT to compute the same model (Zolgharni et al.,
2010). In 2010, Dekdouk et al. investigated the feasibility of
detecting a haemorrhagic type stroke using a 3D model via
simulation. They selected 10 MHz frequency and the stroke
conductivity was identical to that of blood (Dekdouk et al.,
2010a,b). In 2012, Caeiros et al. used four layers of 3D human
head tissue to establish a phantom for simulating a hemorrhage
(Caeiros et al., 2012). He used 1 MHz frequency and the
conductivity was the same as that of blood, 0.8 S/m. In
2017, Xiao et al. established a 2D human brain model with
six layers of tissues to simulate a haemorrhagic stroke and
its imaging (Xiao et al., 2017). Therein, the frequencies used
were 1 and 10 MHz, and the stroke conductivities were 0.822
and 1.097 S/m, respectively. In 2018, Xiao et al. simulated
2D head models comprising six tissue types with different
hemorrhage sizes were simulated, and images of the hemorrhage
were reconstructed by multi-frequency difference and single-
difference magnetic induction tomography (Zhili et al., 2018).
And in 2020, their team proposed a planar MIT method and
used it to calculated 3D anatomical head model (Yixuan et al.,
2020). In 2020, Ke et al. established one-dimensional quantitative
indicators to quantitatively represent intracranial hematoma
which can roughly determine the location of the hematoma
(Li Ke et al., 2020).

Cerebral stroke is one of the major causes of mortality. There
are two types of strokes. An ischaemic stroke, which occurs
when a blood vessel becomes occluded, and a haemorrhagic
stroke, which occurs when a blood vessel ruptures causing
internal bleeding. Conventional imaging techniques for
diagnosing strokes such as magnetic resonance imaging
(MRI) and computed tomography (CT) are expensive and
inaccessible. MIT may be an attractive, low-cost alternative
for imaging. The rationale for using MIT is based on the
fact that the conductivity of blood is larger than that of
other brain tissues, excluding that of cerebrospinal fluid
(Zolgharni et al., 2009b). Horesh’s study (Horesh et al., 2005)
reveals a clear distinction between the three impedances
(�blood < �brain < �ischaemia), which identify that MIT
can distinguish between ischaemic and haemorrhagic strokes
(Korjenevsky et al., 2000). The occurrence of cerebral ischemia
is usually stopped using thrombotic drugs. However, cerebral
hemorrhage is commonly instantaneous, and if not treated
in time, it is difficult to heal. Therefore, the use of MIT to
compute cerebral hemorrhage has practical significance. The
low cost and portability of MIT can significantly assist doctors
in diagnosis and help concerned parties better understand
stroke conditions.

Transcranial magnetic stimulation (TMS) is a non-invasive
brain stimulation technique that is widely used, particularly in
clinical neurophysiology, wherein a current pulse is applied to
the coil placed around the head to generate an electric field in
the human brain via electromagnetic induction to monitor brain
activity (Roth et al., 2007;Wagner et al., 2007). The excitation coil
is crucial for TMS. Initially, a circular planar coil was proposed
for TMS, which was improved to the figure-8 coil to improve
detection intensity. However, the figure-8 coil is insensitive to
the deep structure of the brain tissue; hence, researchers have
designed the H-coil. Although the H-coil is not as strong as the
figure-8 coil on the surface, it can detect signals at hippocampus
depth (Roth et al., 2002; Zangen et al., 2005). Thus, the figure-8
coil and the H-coil are used in different applications.

Herein, first, a six-layer human head model is established
together with three approximate haemorrhagic strokes with
different sizes and positions: a larger marginal stroke (LP), a
small marginal stroke (SP) and a smaller central stroke (SD).
For the head model, a figure-8 coil and a modified H-coil are
proposed, and a planar circular coil is applied to the head model.
Forty-eight ring detection coils are used to detect signals, and the
three types of excitation coils are used to compare the calculation
parameters of the head model. We use the detection coil to
obtain the MIT signal, comparing the three excitation coils. The
proposed improved H-coil is significantly better in depth and
the mass of stroke stimulated (MSS) than the other two coils;
furthermore, the improved H-coil is significantly different for
the MIT signals produced by the ordinary excitation coils for the
three strokes. In terms of penetration depth and MSS, the H-coil
is best, followed by the figure-8 coil, with the planar circular coil
being the worst. The induced electric field strengths of the three
different excitation coils are simulated for the three different
strokes. Results also show that, of the three coils, the planar
circular coil is relatively strong on the surface, and the figure-8
coil is advantageous both in focality and surface signal.

MATERIALS AND METHODS

Frequency Determination
The operating frequency used for the first MIT experiment
conducted by Korjenevsky et al. (2000) is 20 MHz, and
Scharfetter et al. used 250 kHz frequency for their experimental
model (Scharfetter et al., 2001). Afterwards, the researchers
proved that the permeability of most biological tissues is close to
that of free space (Christ et al., 2010). However, their electrical
conductivity is weakly dependent on frequency and can range
between 10 kHz and 10 MHz (Mansor et al., 2015).

In fact, many factors influence the operating frequency used in
MIT, particularly, in the biomedical field, including displacement
current, skin depth (Horesh et al., 2005; Gabriel et al., 2009),
and the signal absorption rate (SAR) (Korjenevsky et al., 2000).
In addition, the frequency can be considered from another
perspective. The purpose of MIT is to obtain the induced
signal that is proportional to the amplitude and frequency of
excitation. Thus, higher is the frequency, higher is the value
that can be gained. High frequency always results in a high
signal-to-noise rate (SNR). However, it is not easy to realize with
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TABLE 1 | Dielectric properties at 10 MHz assigned to each tissue type in the

head model.

Tissue Conductivity (S/m) Relative permittivity

Muscle 0.617 171

Skull 0.0829 53.8

CSF 2 109

Gray matter 0.292 320

White matter 0.158 176

Blood 1.10 280

Stroke (75% blood + 25% brain) 0.898 272

high frequency for the hardware design. And safe is another
consideration that limits the frequency. Considering all these
factors, for the computational study of cerebral hemorrhage,
because the haematoma is higher than the biological tissue, we
choose an operating frequency of 10 MHz, which not only meets
the requirements of biological tissue safety but can also increase
the SNR of MIT (Gencer and Tet, 1999; Voigt et al., 2011). For a
given current or voltage, the maximum induced current density
must be guaranteed to remain within the biological tissue safety
limits in the future experiment study.

MIT Forward Problem
The forward problem which is considered as solving eddy
current model for MIT is to compute the measured signals with
the given setup including geometry, distribution of dielectric
properties, operating frequency and coil excitation current.
Maxwell’s equations for MIT with time-harmonic fields and
linearmaterials can be written as follows (Zolgharni et al., 2009b).

∇ × E = −iωµH, ∇ ×H = Js + E(σ + iωε),

∇ · εE = ρ, ∇ · µH = 0. (1)

Here, E and H are the electric and magnetic fields; µ is the
permeability; ρ is the electric charge density; and Jsis the current
source. The term iEωε corresponds to the displacement current.
Applying the temporal gauge E = −iωA,B = ∇×A, the resulting
A-formulations of the vector wave equation is given as follows
(Soleimani and Lionheart, 2006).

∇ × (µ−1
∇ × A)+ (iωσ − ω2ε)A = Js (2)

Once the vector potential is obtained, the induced voltage can be
calculated as the line integral of the tangential components of A
along a sensor coil

V =

∮

Coil

E · dl = −iω

∮

Coil

A · dl (3)

where dl is the length element of the coil.

Head Model With Hemorrhage
The electrical properties of the tissue used in the simulations vary
with frequency and were obtained from the literature (Table 1)

(Lacono et al., 2015). All dielectric properties were assumed
to be isotropic, and the relative permeability of all tissues was
considered as unity. The human brain structure with cerebral
hemorrhage obtained via MRI comprises the cerebral cortex,
skull, cerebrospinal fluid, gray matter, white matter, and the
stroke, as shown in Figure 1. Throughout this study, simulations
were conducted at 10 MHz frequency.

For hemorrhage, the stroke was considered to be 75% blood
and 25% brain tissue: the conductivity and relative permittivity
were calculated as a weighted average of the values for blood and
tissue accordingly (e.g., 0.75 × 1.10 + 0.25 + 0.158 = 1.233 S/m
for blood in white matter).

Simulations were conducted for normal brain condition and
six pathological cases, three of which were haemorrhagic—
located at the left temporal lobe occupying 4.9, 0.7, and 0.7% of
the brain volume. The position of the stroke for hemorrhage can
be called a larger marginal stroke (LP), a small marginal stroke
(SP) and a smaller central stroke (SD), as shown in Figure 2

(Christ et al., 2010).

Coils Configurations
Excitation Coil

Because the generation mechanism of MIT and TMS is similar,
the key coil technology in TMS is introduced into MIT research.
The planar circular coil is the technology that was first used
in TMS. Then, researchers (Lu and Ueno, 2017) proposed the
figure-8 coil because it can be placed on the surface of the
biological tissue to produce a large and focal electric field, which
is used even today. However, the figure-8 coil is limited to the
intracranial and extracranial cerebral cortex, and the electric field
generated after excitation of the deep brain tissue is weak. In
recent years, neuropsychological disorders have been located in
non-surface brain regions; hence, researchers have proposed H-
coils that can stimulate deep brain tissue, which is modulated by
deep structures rather than cortical modulation for patients. This
treatment is more effective than the prior approach.

In this study, these three coil technologies suitable for
TMS are applied to MIT cerebral hemorrhage stroke detection.
The basis is that the mechanism of the two techniques is
similar in the initial stage: injecting current into the coil and
applying electromagnetic induction to the biological tissue.
Internally induced electromagnetic fields and the MIT midbrain
stroke are located deep within the brain. Combining the
two techniques enables MIT to clinically detect and monitor
cerebral hemorrhage.

For the size of the head model, we computed with three coils:
the planar circular coil used in the previous MIT, figure-8 coil
widely used for TMS, and the recent TMS H-coil, which is an
improved version (Figure 3).

The closest distance between the three coils from the top of
the head and the edge is ∼ 10mm. The first planar circular coil
has 25 turns, the coil center coordinates are (0,−15, and 90mm),
and the maximum diameter is 220mm; in the figure-8 coil, both
coils have 12 turns, the maximum diameter is 106.2mm, and the
center co-ordinates of the two coils are unchanged; finally, in the
H-coil, for convenience of design and based on head size, the coil
is simply improved according to TMS.
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FIGURE 1 | Conductivity of the head’s biological tissues.

Detection Coil

Previous research (Gürsoy and Scharfetter, 2009; Feldkamp and
Quirk, 2017) reveals that the closer the detection coil is to the
object to be detected, the larger is the value of the obtained
MIT signal; hence, the detection coil of the human head should
be placed as close as possible to the human head. In addition,
previous studies (Dowrich and Blochet, 2016) show that as the
tumor is located in the middle and upper part of the head, the
coils in the lower half have little effect on signal detection. All
coils use the upper half of the coil, a total of three layers, i.e., 18
small coils per turn. Each coil has a diameter of 28mm, a width of
4mm and a coil-to-coil spacing of 2mm. The material properties
of the detection coil are set to copper, as shown in Figure 4.

RESULTS AND ANALYSIS

To accurately calculate the head model containing cerebral
edema and facilitate subsequent calculations, the multi-physics
software Comsol was used herein. Owing to the complexity of
the head model, the requirements for the computer are very
fast in terms of speed and accuracy. Hence, we selected a 24G
memory Intel i7-4770 computer having a frequency of 3.4 GHz
for calculation.

Penetration Depth and the Mass of Stroke
Stimulated (MSS)
The penetration depth and MSS of the excitation coil influences
the accuracy of the measurement and the resolution of
subsequent imaging. Through comparison, we determine which
coil produces a greater penetration depth and MSS.

For the investigation of penetration depth, SD lumps were
examined for the three coils. The distance from the center of the
big ball to the top of the head model was 82.5mm. From the top
of the head to the center, we observed the electric field strength
generated at the target object. Thus revealed that from the top of
the head, the electric field generated by the circular planar coil (S
coil) is the largest in the given detection area, up to ∼306 V/m,
whereas the figure-8 coil’s electric field is of only 162 V/m and
that of the H-coil is only 58 V/m. However, we found that the
planar circular coil which is short for S coil fell extremely fast
as it went further. At the center of the head, the electric field
strengths of the S, figure-8, and modified H-coils were 23, 21, and
8 V/m, respectively. We divided the electric field by the electric
field at the top of the head and then observe their variation. The
S coil dropped the fastest, 20mm from the surface, with the ratio
being close to 0; the figure-8 and improved H-coils exhibited a
downward trend. However, this trend is relatively good, and the
penetration depth of the improved H-coil is relatively better, as
shown in Figure 5.

The mass of stroke stimulated (MSS) was evaluated as the
percentage of the electric field strength in the mass as a
percentage of the electric field strength of the cortical surface. We
examined the three masses of each coil at different percentages.
Figure 6 is a graph showing the electric field strength in the
three masses of the three coils, which is 40% of the surface of
the cortex. As observed in Figure 6, the improved H-coil has the

best MSS characteristics, followed by the figure-8 coil, and finally

planar circular coil. More than 40% of the electric field strength
is zero. To better explore MSS of the coil for MIT, we examined
the proportion of the three tumors from 0.4 to 40%. Figure 6
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FIGURE 2 | Stroke regions in the left hemisphere of the brain (red), with three different cases: LP, SP and SD.

shows that for the improved H-coil, the ratio of 6% of the surface
cortical electric field in the mass is 100%; for the figure-8 coil, the
ratio of 5% of the surface cortical electric field in themass is 100%;
and for the circular planar coil, the proportion of the cortical field
in the mass of 0.5 is 100%. For the starting percentage detected,
40% of the surface cortical electric field begins to have a certain
value for the modified H-coil; for the figure-8 coil, 30% begins
to have a certain value for the surface cortical electric field; and
for the planar circular coil, 2% for the surface electric field starts
with a value. In order to better explore the appropriate type of the
coil for MIT, we examined the proportions of all three types of
strokes ranging from 0.4 to 40%, as shown in Table 2. Therefore,
the improvedH-coil is the best in terms of both penetration depth
and MSS. Consequently, we chose the improved H-coil as the
excitation coil for the MIT.

MIT Signals
Simulations were performed for the three coils in the cases of LP,
SP, and SD. Here, we have described the H-coil’s simulation in
the cases of LP, SP, and SD. There are three rows, with each row
having 16 coils, providing a total of 48 values according to the
number of detection coils. Figure 7A shows that the MIT signals
vary with different detection coils for different excitation coils.
Figure 7B shows the MIT signals of the improved H-coil under

the condition of three strokes. The phase difference, 1φ, is a
measure of the information in the signals due to the hemorrhage:

1φ =
1V

Vp
=

V2− V1

Vp
(4)

Here, V2 is obtained in the presence of hemorrhage, V1 in the
absence of hemorrhage and Vp is obtained through the direct
magnetic coupling between the excitation and sensor coils in the
absence of the head.

The phase value of the figure-8 coil is the largest among the
three types of excitation coils. It matches the theory from TMS.
The figure-8 coil is the most popular coil used in TMS owing to
its high focality. However, this trend differs in the case of SD.
The improved H-coil produces great value in the lower detection
coils, which are denoted as No. 33 to No. 48. For the SD case,
the stroke is set deeper in the brain and is smaller than that of
LP, whose results match the theory that H-coils can detect deep
signals in the brain compared with other excitation coils. Hence,
the improved H-coil can be used in MIT to produce the induced
signals that reflect the internal distribution of brain conductivity.

As shown in Figure 7B, the improved H-coil was used to
detect changes caused by the LP, SP, and SD in the brain. As
the signal was comparatively small, it was enlarged by 200 times.
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FIGURE 3 | Three different excitation coils.

FIGURE 4 | Detection coil.
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FIGURE 5 | Penetration depth.

FIGURE 6 | The mass of stroke stimulated.
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TABLE 2 | The mass of stroke stimulated of the three coils.

Level (%) Improved H coil (%) 8-figure coil (%) Spinal coil (%)

LP SP SD LP SP SD LP SP SD

40 1.19 0 0 0 0 0 0 0 0

10 33.33 2.22 2.22 32.14 6.67 13.33 0 0 0

6 100 100 100 92.86 100 93.33 0 0 0

1 100 100 100 100 100 100 32.14 4.44 13.33

0.8 100 100 100 100 100 100 47.62 4.44 13.33

0.4 100 100 100 100 100 100 100 100 100

FIGURE 7 | MIT signal. (A) MIT Signals of the three coils for three strokes. (B) MIT signals of the H-coil for the three strokes.

The LP and SP cases are more or less the same except in
terms of the value because the position of the stroke is identical
although the sizes of the strokes differ. However, for the SD case,
although rows one and two are small, there is a drastic increase
in row three, even though catch up with LP and SP. Hence, the
improved H-coil is suitable for detecting deep signals in the brain
through MIT.

MIT Signals of the three coils for three strokes. (2)MIT signals
of the H-coil for the three strokes.

Simulation of Cerebral Hemorrhage Stroke
Figure 8 shows the current densities for fast haematoma, white
matter, and gray matter in the condition of the three excitation
coils. For TMS technology, the figure-8 coil produced the largest
electric field on the cortical surface, whereas the H-coil produced
a smaller electric field; however, the H-coil exhibited good
penetration depth and can measure brain depth tissue, which is
lacking in the figure-8 coil. Let us examine the current density
generated by the three different excitation coils in brain tissue
during MIT to reflect whether the characteristics of the three
coils are consistent. Figure 8 shows that for the penetration
depth, in the case of haematoma in three different positions and
sizes, the improved H-coil produces the highest current density

in the mass, and the current density generated by the planar
circular coil is the smallest, thereby showing improvement. The
penetration depth of the H-coil is the best performance; for
the signal generated on the cortical surface, the figure-8 coil
produces the highest current density on the surface of the brain
tissue, and the improved H-coil produces the current on the
surface of the brain tissue. This is in complete agreement with
the improved H-coil and the characteristics of the figure-8 coil in
TMS technology.

DISCUSSION

Magnetic induction imaging was proposed in 1993 for its
low cost, contactless, non-invasive, and portable properties.
The original purpose of this technology was to overcome the
shortcomings of EIT technology to achieve absolute conductivity,
real-time performance, skull penetration and low contrast
(Holder, 1992). The biggest problem with MIT technology is
the low spatial resolution, which is determined by the MIT
generation principle. Therefore, extracting the weaker eddy
current signals from the stronger main signal and increasing the
sensitivity are urgent issues that need to be solved using MIT.
In addition, the ultimate goal of MIT is application to medical
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FIGURE 8 | Current density of cerebral haemorrhagic stroke.

treatment. Therefore, improving hardware tomeet medical needs
is also a research concern (Ma and Soleimani, 2017). In recent
years, scholars have focused on the improvement of coil sensors.

Because the size and shape of the excitation coils influences
the sensitivity of the field which could be induced in the target
objects, and the location of the detection coils affects the quality
of the image reconstruction, implying that research on coil
sensors may be the key toMIT. By improving the sensor, possibly,
the previous eddy current signal, low contrast, spatial resolution,
and eddy current signal extraction may be improved or solved.

TMS is a non-invasive brain active technology widely used
in clinical neurophysiology; in particular, deep TMS technology

is widely used in clinical and therapeutic approaches. However,
scholars are still exploring the depth of TMS technology in
induction electric field distribution, wherein the key to this
technology are the planar circular, figure-8, andH-coils used with
deep TMS. The mechanism of MIT and TMS signal generation is
similar. Notably, the TMS coil that has been applied in clinical
approaches has been applied to MIT for the first time. The two
technologies are combined to detect and image brain tissue.

From the perspective of MIT, considering the actual cerebral
hemorrhage problem, MIT has the technical basis to solve
cerebral hemorrhage. At simulation level, MIT has attracted the
attention of scholars. If this problem can be solved through MIT,
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it can definitely be used for clinical testing and self-monitoring of
patients, which is a great contribution. The application of the coil
in deep TMS to MIT will direct our future work.

Herein, at 10 MHz, including six layers of biological tissue of
the haematoma and using three coils applied to TMS, MIT was
applied to detect different haematomas. The simulation results
show that H-coil has obvious advantages in depth measurement
and MSS for deep tissue detection. The results obtained by the
scholars in TMS technology are similar. In future works, these
three coils can be imaged using MIT imaging algorithms to
quantify their contribution to spatial resolution. In addition,
as TMS coil technology can be applied to MIT, we use deep
TMS technology as the basis. Extending the research on the
depth excitation coil in addition to the depth of penetration
and MSS, the MIT imaging algorithm can also be used to
image the haematoma and perform comprehensive quantitative
comparisons of the systems; furthermore, we need to apply MIT
to the 3D head print model. Preliminary laboratory specific
tests must be conducted on animals; then, beginning with TMS
technology, which is a popular neuromodulation technology at
this stage, we can investigate whether MIT technology can detect
changes in nerve stimulation and then perform imaging. These
are the directions for our future research.

CONCLUSION

At an operating frequency of 10 MHz, for cerebral hemorrhage,
three types of haematoma with varying sizes and positions were
calculated using three coils suitable for TMS technology, aiming

to solve the detection and focusing of deep brain tissue. The
results show that the H-coil has the best penetration and MSS
performance, and can detect the internal tissue signal of the brain.
Although the figure-8 coil has poor penetration depth, the signal
amplitude and the focality of the surface layer are advantageous.
This deep MIT technology can be used for cerebral hemorrhage
detection, providing a feasible basis for future research, and for
combining the two technologies of MIT and TMS to provide a
deeper direction.
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