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Analysis of Specific Absorption Rate and Current Density in
Biological Tissues Surrounding Energy Transmission
Transformer for an Artificial Heart: Using Magnetic

Resonance Imaging-based Human Body Model
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Abstract: The transcutaneous energy transmission system
used for artificial hearts is a transmission system that uses
electromagnetic induction. Use of the TETS improves
quality of life and reduces the risk of infection caused by
percutaneous connections. This article reports the changes
in the electromagnetic effects of TETS that influence a
human body when the locations of the air-core coils of the
transcutaneous transformer are changed. The specific
absorption rate and current density in a model consisting of
a human trunk that included 24 different organs are ana-
lyzed using an electromagnetic simulator.The air-core coils
are located on the pectoralis major muscle near the collar-
bone in model 1, whereas they are located on the axillary
region of the serratus anterior musle, which overlies the rib
in model 2.The maximum current densities in models 1 and

2 are 5.2 A/m2 and 6.1 A/m2, respectively. The current
density observed in model 2 slightly exceeds the limiting
value prescribed by International Commission on Non-
Ionizing Radiation Protection (ICNIRP). When the
volumes of biological tissues whose current densities
exceed the limiting value of current density for general
public exposure are compared, the volume in model
2 (156.1 cm3) is found to be larger than that in model 1
(93.7 cm3). Hence, it is speculated that the presence of the
ribs caused an increase in the current density. Therefore, it
is concluded that model 1 satisfies the ICNIRP standards.
Key Words: Artificial heart—Transcutaneous energy
transmission—International Commission on Non-Ionizing
Radiation Protection—Specific absorption rate—Current
density.

At present, the artificial heart is being further
improved with respect to features such as durability
and size (1,2). However, the energy is still supplied to
the artificial hearts using cables (1–3). Hence, there is
risk of infection in the region in the body where a
wire passes through the skin and a consequent
deterioration of quality of life (QOL) (3). There-
fore, a transcutaneous energy transmission system
(TETS) that transfers energy to the artificial heart by
electromagnetic induction between the two air-core
coils of a transcutaneous transformer has been
developed; these air-core coils are placed facing

each other on either side of the abdomen or chest
(4–9). With the abovementioned TETS, QOL can be
improved and the risk of infection due to percutane-
ous connections can be reduced. The first air-core
transcutaneous transformers were developed in the
early 1960s (4). Attempts have been made to design
efficient air-core transcutaneous transformers that
can operate under a wide range of conditions (6).
However, in order to use this system for practical
applications, it is necessary to investigate the elec-
tromagnetic influence of the TETS on biological
tissue.

Shiba et al. in this article carried out electromag-
netic analyses of the electric power absorbed by the
body tissue and the current density in the body tissue
to investigate the electromagnetic influence of the
TETS on biological tissue (7). However, they consid-
ered the human body as a cylinder and considered
only six biological tissues (skin, fat, muscles, small
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intestine, bone, and blood), and did not conduct
sufficient analyses.

In this study, we performed an electromagnetic
simulation using a model of the human trunk in order
to investigate the influence of energy transmission on
biological tissues; the abovementioned human trunk
model contained 24 types of biological tissues. This
model—a realistic high-resolution whole-body voxel
model of a Japanese adult male with average height
and weight—was developed by the National Institute
of Information and Communications Technology in
Japan (NICT) (10). Then, we considered the electro-
magnetic influence of TETS with an air-core coil
arrangement on biological tissue.

ENERGY TRANSMISSION SYSTEM

A block diagram of the TETS is shown in Fig. 1.
Direct current supplied by a DC power source or a
secondary battery placed outside the body is con-
verted to alternating current of 100–1000 kHz using a
switching circuit. The AC power is then transmitted
inside the body by electromagnetic induction
between the two air-core coils of the transcutaneous
transformer. The AC power transmitted inside the
body is reconverted to DC power using a rectifier
circuit implanted in the body. Then, the DC power is
supplied to the actuator of the artificial heart and the
backup secondary battery.

The air-core transcutaneous transformer examined
in this study is shown in Fig. 2. It consists of an exter-
nal air-core coil that is set outside the body and an
internal air-core coil implanted under the skin. The
outer diameter, inner diameter, and thickness of the
external air-core coil (35 turns) are 90, 20, and 1 mm,
respectively. The outer diameter, inner diameter, and
thickness of the internal air-core coil (20 turns) are
60, 20, and 1 mm, respectively (7).

INFLUENCE OF ELECTROMAGNETISM

Electromagnetic influences of the TETS on bio-
logical tissue include thermal effects and stimulant
action. The former is a result of Joule heating,
whereas the latter caused excitation of the neurons
and muscles by the induced current. The thermal
effect is measured in terms of specific absorption rate
(SAR;W/kg), whereas the stimulant action is indexed
by current density J (A/m2). SAR is expressed as

SAR
E= σ
ρ

2

(1)

where E is the root mean square (RMS) electric field
(V/m); s, the electrical conductivity of the biological
tissue (S/m); and r, the density of the biological tissue
(kg/m3). SAR is represented as an average value for
10 g of the tissue in each organ.

J is expressed as

J E= σ (2)

FIG. 1. Block diagram of the TETS for
total artificial heart (TAH).
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FIG. 2. Air-core transcutaneous transformer used in this study.
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J is represented as an average value for 1 g of the
tissue in each organ. Table 1 lists the basic require-
ments for the values of SAR and current density as
prescribed by the International Commission on Non-
Ionizing Radiation Protection (ICNIRP). The SAR
averaging mass is defined as any 10 g of biological
tissue. The J values are averaged over a cross-section
(1 cm2) of the tissue perpendicular to current direc-
tion (11). The average J value thus obtained cor-
responds to the mean value obtained for 1 g of
biological tissue. We determine the electromagnetic
influences of the TETS on a human body by compar-
ing the values of SAR and J obtained herein with
their values specified by the ICNIRP.

METHODS

Transmission-line modeling method (TLM method)
Micro-Stripes (AET, Inc., CST AG, Darmstadt,

Germany), an electromagnetic simulator whose
operation is based on the TLM method (12), is used
to estimate the SAR and J values. The TLM method
is a very powerful tool for field computations. The
TLM method is based on an analogy between the
electromagnetic field and a grid of transmission lines.
A mathematical derivation of the TLM method can
be directly obtained from a full wave time-domain
solution of Maxwell’s equations.

The analytical procedure using Micro-Stripes is as
follows. First, we create a model of the human body
with corresponding electrical characteristics. Next,
we divide this model into small cells to form a mesh
and calculate the electric field E, magnetic field
H, and SAR. J is then estimated using Eq. 2 by the
analysis mentioned previously.

Human body model based on magnetic resonance
imaging (MRI) data

The human body model used for the analysis is
shown in Fig. 3. We used the human body model
developed by NICT; the size of this model is that of
an average Japanese adult male (10). However, the
numerical human body model developed by NICT
cannot be imported directly into our simulator

because the memory size, analysis time, and file
format of the model developed by NICT were incom-
patible with those required by the simulator. There-
fore, the basic model developed by NICT is first
converted to a general three-dimensional CAD file
format.Then, only the trunk of the model is extracted
and used for our analysis.

The biological tissues of a human body model could
be 24: cerebrospinal fluid, gall bladder, blood, small
intestine, prostate-seminal vesicle, testis, pancreas,
thyroid, stomach-duodenum, esophagus, muscle,
trachea, heart, large intestine, kidney, bladder, skin,
lung, spleen, fat, bone, and air in a trachea. This study
uses s and relative permittivity er values defined by
Istituto di Fisica Applicata “Nello Carrara” (IFAC)
(13). The density of the organs is set to an average
value of 1000 kg/m3 for living body tissues, except for
bones; the bone density is set to 2000 kg/m3. The rela-
tive magnetic permeability is set to 1 for all the organs
(14).The maximum mesh interval is 2 ¥ 2 ¥ 2 mm, and
the human body model is divided into 7.6 ¥ 105 cells.

Model for numerical analysis
The shapes of the air-core coils are shown in

Fig. 4a. The separation between the air-core coils is
5 mm. The silicone layer is 3 mm thick. The internal
air-core coil is attached to the fat tissue. An equiva-
lent circuit for the analysis model is shown in Fig. 4b.
In the equivalent circuit, the current I1 in the external
air-core coil, terminal voltage VL1 of the external
air-core coil, current I2 in the internal air-core coil,

TABLE 1. Limits for time-varying electric and magnetic fields of 100 kHz to
10 MHz (ICNIRP, 1998)

Frequency range

Localized SAR
(head and trunk)

(W/kg)

Current density for
head and trunk

(mA/m2)

Occupational exposure 100 kHz–10 MHz 10 f/100
General public 100 kHz–10 MHz 2 f/500

f, frequency (Hz); SAR, specific adsorption rate.
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FIG. 3. Human body model for numerical analysis.
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terminal voltage VL2 of the external air-core coil, load
resistance adjusted power supply voltage V1, resis-
tance r1, and resonant capacitor C2 are so adjusted
that the results obtained are consistent with those
obtained using the coil. The transmission conditions
are adjusted so as to obtain an output electric power
of 20 W and a transmission frequency of 600 kHz,
which are conventionally considered to be safe for
use in research (7).

In this study, we considered the changes in the
electromagnetic influence of the TETS on biological
tissues by changing the positions of the air-core coil.
Figure 5a shows the analysis model (model 1) in
which the air-core coils are set on the pectoralis
major muscle near the collarbone. Figure 5b shows
the analysis model (model 2) in which the air-core
coils are located on the serratus anterior muscle of
axilla on the rib. The arrangements of the coils in
models 1 and 2 correspond to the setup of the TETS
that is used for the artificial heart (15,16).

ANALYSIS RESULTS

SAR
The maximum values of SAR for each organ are

shown in Fig. 6. The organs are listed in the descend-
ing order of their SAR values. Here, the dotted lines
indicate the limit prescribed by ICNIRP for general

public exposure. The three highest values of SAR in
model 1 are obtained for the muscle, fat, and bone
tissues (Fig. 6a). The three highest values of SAR in
model 2 also correspond to those of the fat, muscle,
and bone tissues (Fig. 6b). Thus, it is observed that
SAR of the internal organs that are close to the body
surface is higher than that of the organs away from
the surface. The SAR values obtained in this study
are well below the limit prescribed by the ICNIRP
for general public exposure.

J (Current density)
The maximum J values observed for each organ are

shown in Fig. 7. The organs are listed in the descend-
ing order of their J values. Here, the upper and lower
broken line indicate the basic restrictions imposed by
the ICNIRP for occupational exposure and general
public exposure, respectively. The five highest values
of SAR in model 1 correspond to those of the skin,
muscle, fat, lung, and blood tissues (Fig. 7a), whereas
the five highest values of SAR in model 2 correspond
to those of skin, muscle, lung, fat, and liver tissues
(Fig. 7b). J values of the skin, muscle, and fat tissues
in model 1, and those of the skin, muscle, fat, lung, and
blood tissues in model 2 exceed the limit for general
public exposure prescribed by the ICNIRP.

Figure 8 shows the biological tissues whose J
values exceed the limits for general public exposure.

FIG. 4. Air-core coils for numerical
analysis. (a) Shapes of air-core coils. (b)
Equivalent circuit.
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The volume of these tissues is 93.7 cm3 in model 1
(Fig. 8a) and 156.1 cm3 in model 2 (Fig. 8b). Thus, it
can be said that the electromagnetic influence of the
TETS on biological tissue is more pronounced in
model 2 than in model 1.

DISCUSSION

The three highest values of SAR in Fig. 6 corre-
spond to those of the muscle, fat, and bone tissues.
The three highest J values correspond to those of the

FIG. 5. Analyzed models. (a) Model 1 and
(b) Model 2.
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FIG. 6. SAR obtained for (a) Model 1 and
(b) Model 2.
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FIG. 7. Result of analysis of J. (a) Model
1 and (b) Model 2. CSF, cerebrospinal
fluid.
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FIG. 8. J values obtained for (a) Model 1 and (b) Model 2.
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muscle, skin, and fat or lung tissues. The main reason
for this difference between SAR and J values is that
SAR is averaged for every 10 g of tissues, whereas J is
averaged for every 1 g of tissues. According to the
ICNIRP guidelines, if thermal diffusivity is consid-
ered when calculating SAR, then it is preferable,
from a physiological point of view, to use an average
value for 10 g of tissues (17).

From Fig. 6, it can be seen that the values of SAR
are well below the ICNIRP limit for general public
exposure. However, the J values exceed the ICNIRP
limit for general public exposure. The corresponding
biological tissue’s volume in model 1 and model 2
whose current density values exceed the restrictions
for general public exposure are compared. It is seen
that the volume of these tissues is greater in model 2
than in model 1. The major reason for this seems to
be the location of the air-core coils. In model 1, the
air-core coils are located on the pectoralis major

muscle, whereas they are located on the serratus
anterior muscle in model 2. Pectoralis major is a
thick muscle, whereas serratus anterior is a complex
muscle attached to the ribs. The serratus anterior
muscle overlies the ribs. E increases around a tissue
with low conductivity or relative permittivity, such as
fat tissues or bones, because reflection is repeated on
those tissues from which conductivity or relative per-
mittivity are greatly different, such as a bone and
muscle or fat or muscle. We assume that the high
electric field around an organ with low conductivity
or relative permittivity, such as fat or a bone, results
in an increase in J.

In order to confirm this phenomenon, we con-
structed some simple models, as shown in Fig. 9, and
analyzed them. Simple model 1 consists of only
muscle and the air-core coil (Fig. 9a). Simple model 2
is obtained by adding three bones to the simple
model 1 (Fig. 9b). The muscle whose conductivity or

FIG. 9. (a) Simple model 1. (b) Simple
model 2. (c) Simulation results for electric
field distribution of simple model 1. (d)
Simulation result for electric field distribu-
tion of simple model 2.
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relative permittivity is high (s = 0.461, er = 3110) is
modeled as a rectangular parallelepiped with dimen-
sions 300 ¥ 300 ¥ 100 mm (shown in pink). The bone
with low conductivity or relative permittivity (s =
0.023, er = 168) is modeled as a cylinder with axis:
15 mm and height: 300 mm (shown in gray). The air-
core coil (diameter 90 mm) is placed at a distance of
5 mm from the muscle. Figure 9c,d shows the simu-
lated result obtained with the simple models 1 and 2.
The electric field in simple model 2 is higher than that
in simple model 1. In the simple model 2, the range in
the electric field in the vicinity of E = 2 V/m is wide
(shown in green). This result shows that the electric
field E increases around an organ with low conduc-
tivity or relative permittivity. Figure 10 shows the
comparison of J values of model 1 and model 2 on the
basis of the results of the abovementioned analysis. In
model 2 (Fig. 10b), the bone distribution near the
air-core coils is greater as compared with that in
model 1 (Fig. 10a). Therefore, E increases around the
bone in model 2. It is opined that the air-core coil
used for the TETS should not be implanted near
complex tissues (e.g., the serratus anterior muscle on
the rib, etc.) because reflection of the electric field is
repeated around the tissues.

The results obtained using model 2 exceed the lim-
iting value prescribed by the ICNIRP; however, this
guideline value has sufficient margin of safety from

the threshold value. Therefore, it is possible to use
either model safely if it is used very carefully.

CONCLUSIONS

We used a human body model including 24 organs
and calculated SAR and J values in each of these
organs during energy transmission to an artificial
heart. Then, we analyzed the changes in the electro-
magnetic influence of the TETS on organs by chang-
ing the air-core coil arrangement.

We found that SAR remains within the limit
for general public exposure as prescribed by the
ICNIRP, and that J remains within the limit for occu-
pational exposure as prescribed by the ICNIRP. In
addition, we found that electromagnetic influence of
the TETS on biological tissues changed with the air-
core coil arrangement. It is opined that the TETS
should not be implanted near intricate tissues such as
the serratus anterior muscle on the rib, etc., because
reflection of the electric field is repeated around
those tissues.

Hence, when selecting the location of an air-core
coil for TETS, it is necessary to consider the influence
of the electromagnetic field on biological tissue; this
technique using MRI-based human body model is
effective in the analysis of SAR and current den-
sity. In our future research, we plan to investigate
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FIG. 10. (a) Cross-section of model 1. (b) Cross-section of model 2. (c) Current density distribution for model 1. (d) Current density
distribution for model 2. CSF, cerebrospinal fluid.
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the SAR and J values considering them as the com-
ponents of the artificial heart system (blood pump,
control device, energy source, and battery).
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