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Abstract. Magneto-Acousto-Electrical Tomography (MAET) is a novel hybrid modality that can provide a high spatial reso-
lution in determining the electrical conductivity of biological tissue. The present paper primarily analyzes the existing basic
formulations with the MAET, derives the propagation equations of the sound wave when the mass density of the biological
tissues are variable, and then solves the respective current density and potential difference in an inhomogeneous and homoge-
neous density medium based on the sound speeds obtained. Finally, numerical simulations are performed. As is shown, sound
waves affect magneto-acousto-electrical tomography while varying the biological tissue mass density.
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1. Introduction

Ultrasonic imaging [1,2] is widely utilized in medical imaging due to its high spatial resolution and
relatively low cost. However, it is difficult to differentiate between soft tissues because the acoustic
impedance in muscle and fat is nearly identical. The electrical conductivity of the biological tissue
potentially has a high contrast; accordingly, this has garnered significant attention from medical imaging
researchers. Information about the pathological and physiological condition of tissues can be obtained
by measuring the electrical conductivity. A popular technique for measuring the electrical conductivity
is electrical impedance tomography. However, this method is limited by an inverse problem and lower
spatial resolution [3,4].

At present, several approaches have been developed to improve the spatial resolution of electrical
impedance tomography, including magnetic resonance electrical impedance tomography (MREIT) [5],
magneto acoustic tomography (MAT) [6], magneto acoustic current imaging, and magneto-acousto-
electrical tomography (MAET). Magneto-acousto-electrical tomography techniques have the potential
for high spatial resolution; thus, this technology overcomes the low spatial resolution of electrical
impedance tomography.

Magneto-acousto-electrical tomography integrates the advantages of both traditional EIT and ultra-
sonic imaging. In the MAET method [10], an ultrasound pulse propagates through the biological tissue
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to be imaged in the presence of a static magnetic field. The ultrasonic wave induces Lorentz force on the
ions in the biological tissue, which causes the positively and negatively charged ions to separate. This
separation of charge generates a local source of electrical current or voltage. Therefore, there will be a
corresponding electric field distribution in biological tissues. From the voltage data measured by elec-
trodes on the surface of biological tissues, the conductivity distribution can be reconstructed by adopting
a reconstruction algorithm. For example, the Compression Sensing method can be introduced into the
reconstruction of the conductivity distribution. In order to solve the ill-posed character, the damping
least square algorithm was used to reconstruct the conductivity.

Various studies have been conducted on the development and improvement of the MAET technique.
Wen et al. developed the MAET known as the Hall effect imaging [7]. Kunyansky researched the in-
version procedure for magneto-acousto-electrical tomography [8]. Additionally, Roth developed various
methods for MAET as well as indicated several limitations of the developed methods [9].

At present, magneto-acousto-electrical tomography has primarily been used to investigate homoge-
nous biological tissues. However, in a variety of MAET applications, heterogeneous biological tissues
are unavoidable. For example, in [11], a study was conducted on the electrical and acoustic properties of
biological materials, and biomedical applications were explored. The acoustic wave propagation in the
inhomogeneous medium has attracted the interests of numerous researchers. In this paper, the propaga-
tion equation of the acoustic wave that propagates in variable mass density is derived.

2. Basic formulations of MAET
2.1. Forward problem of the electromagnetic field

Suppose that an object of interest is reconstructed with the electrical conductivity o, the bounded
region €2, and the boundary 02. The object is placed in the magnetic field with a constant magnetic
induction B, through which an acoustic wave propagates with the velocity v. The produced Lorentz
force will generate the location current source given by the following formula:

Js=o0v x B (D)

In addition to the local current source, the arising electrical potential u generates the secondary Ohmic
currents Jy according to Ohm'’s law.

Jo=—-0oVu 2)

Since there are no sinks or sources of charges in the object of interest, the total current density is
divergence free.

V- (Js+Jo) =0 3)
Thus,
V-oVu=V-(ovx B) 4)

Since there are no currents through the boundary, the normal component of the total current vanishes.

It is shown as follows:
0|0 = (v x B 5
5 lon = (vx B)-n )
In Eq. (5) given above, n is the exterior normal to 0f2.
It is necessary to first obtain v using the sound wave equation so that u can be solved. Then, a method
that sound wave propagation in non-uniform and unsteady acoustic medium must obey is shown as

follows.
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2.2. The acoustic wave equation to inhomogeneous medium

In present MAET research, the acoustic properties of biological tissue are normally treated as the
constant media. In this case, the acoustic pressure satisfies the following wave equation in €2:

1 0%p
2 912

cg Ot
However, it is clear that in some cases, the speed of sound and the density of the tissues cannot
generally be regarded as constant. In this paper, the sound wave equation is derived when the sound

speeds and the densities of the tissues are variable.
Acoustic kinetic per unit volume for sound potential is represented as:

1

1
E, = 5/’07)2 = §PO(V¢)2 )

The relationship between the acoustic pressure and the sound potential in incompressible fluid is that
the acoustic pressure is the time derivative of the velocity potential as shown in Eq. (8):

=V?p (©6)

do
— _ ¥ 8
p=—rog ®)
Potential energy is written as:
| dp\ >
2p0c; 2 \ ¢ dt

The Acoustic Lagrange function is the difference between the kinetic energy and potential energy.

L(¢;$,V;r,t) = E, — E,

) (10)
— o |07 - () ]
The Euler-Lagrange equation of non-uniform and unsteady acoustic medium can be written as:
a(aL/ 9¢) oL
5w w

Because the biological tissue in medical imaging is stationary, the acoustic function of Lagrange can
be simplified as:

L= %po[(Wb)Z — ¢y %9 (12)

The equation dpg/dt = 0 holds in the static organization, so the following can be derived when
Eq. (12) is substituted in Eq. (11):

0(cy ¢
7(6(325 O 31V - (po6) = 0 (13)

In this paper, cq is considered constant, so the sound potential in the biological tissue satisfies the
following equation:

o2 —py 'V (poVe) =0 (14)
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Fig. 1. Schematic diagram of acoustic pressure in the con- Fig. 2. Schematic diagram of acoustic pressure in the vari-
stant mass densities. able mass densities.

When Eq. (8) is substituted in Eq. (14), the wave equation that the acoustic pressure satisfies in ) can
be derived. The vibration velocity can be obtained by Eq. (16).

1/(poc3)dp/0t* +V - (—=(1/po)Vp) = 0

Pli=0- =0
- =0 s
ott=0- —
n-Vp= —8p/at in boundary
ov
= _V 16
PO P (16)

3. Numerical simulation results

This algorithm is verified by a two-step procedure: (1) the acoustic pressure p is calculated numerically
in the tissue when the densities of the tissues are approximately constant and variable, respectively, and
(2) the surface current density distribution and potential difference are calculated numerically by taking
into account the acoustic field coupled with the electromagnetic field.

A 2D model is built to simulate the ultrasound pulse propagation in a sample. The tissue is assumed
to be rectangular with a width of 20 mm and a height of 10 mm, and the outer boundary of the tissue
is circular and satisfies infinite boundary conditions. Further, the sound source is assumed to obey a
Gaussian distribution, and the sound pressure peaks at IMPa propagating along x. The mass density of
the sample is 1000 kg/m?, and the electrical conductivity is 1 s/m. The sound speed is 1500 m/s, and
the sample is steeped in water that has a density and sound speed that are identical to the tissue. The
distance between the ultrasound transducer and the sample is 12.5 mm. In Figs 1 and 3, the acoustic
pressure and the surface current density in which the mass density and the electrical conductivity are
constant are respectively shown. In contrast, the density of the biological tissue is changed, but the
electrical conductivity remains 1 s/m. For example, a Gaussian distribution for the mass densities is
considered. In general, the tissue densities remain within about 1100 kg/m? except for human bones;
thus, the variable density is 1100 * (exp(—(z"2 + y”2)/0.03 % 0.03)) [8]. The acoustic pressure and
the surface current density are shown respectively in Figs 2 and 4. In MAET, the potential difference
measured in the surface is conducive to the reconstruction of the electrical conductivity of the tissues,
and as a result, it is stimulated as shown in Fig. 5.
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Fig. 5. The potential difference comparison of two kinds of densities tissues and the absolute value of the difference.

The following conclusions can be safely drawn based on the above simulation: (1) when the density
is continuously variable, the propagation path of the acoustic wave will change at the interface, but
the waveform in the biological tissue is still regular; (2) when the density is continuously variable, the
current density and the measured potential difference only differ in amplitude from those measured when
the density is constant. In this paper, only the smaller mass density change is considered. In this case,
the mass density can be approximately regarded as a constant. For example, when MAET is applied in
soft tissue without bones, the mass density can be approximately regarded as a constant.

4. Discussion
In many MAET applications, heterogeneous biological tissues are inevitable. Consequently, research

on acoustic wave propagation in an inhomogeneous medium is highly significant. In this paper, the equa-
tion that the acoustic wave satisfies is given, and its effect on magneto-acoustic-electric tomography is
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addressed when the biological tissue mass density is continuously variable. Furthermore, the acoustic
waves were analyzed as well as the impact on magneto-acousto-electrical tomography when the bio-
logical tissue mass density was varied. However, there are several other problems worth considering:
(1) while the problem of continuous density changes is researched in the present paper, block density
changes are not taken into account, and (2) it is still uncertain as to what degree the density can change
and yet still be considered approximately constant.

Acknowledgements

This work was supported by the National Natural Science Foundation of China under Grant Nos.
61427806, 51477161, and 51137004.

References

[1] Edler I and Lindstrom K, The history of echocardiography, Ultrasound Med Biol. 30 (2004), 1565-1644.

[2] D. Stephens, A. Mahmoud, X. Ding, S. Lucero, D. Dutta, ET.H. Yu, X. Chen and K. Kim, Flexible integration of
high-imaging-resolution and high-power arrays for ultrasound-induced thermal strain imaging, IEEE Trans. Ultrason.
Ferroelectr. Freq. Control. 60 (2013), 2645-2656.

[3] Ammari H, Bonnetier E, Capdeboscq Y, Tanter M and Fink M, Electrical impedance tomography by elastic deformation,
SIAM J. Appl. Math 68 (2008), 1557-73.

[4] R.Harikumar and R. Prabu, Electrical impedance tomography and its medical applications: a review, International Jour-
nal of Soft Computing and Engineering 3 (2013), 193-198.

[5] Woo Chul Jeong, Saurav Z.K. Sajib, Hyung Joong Kim and Oh In Kwon, Focused current density imaging using internal
electrode in magnetic resonance electrical impedance tomography, IEEE Trans on Biomedical engineering 61 (2014),
1938-1946.

[6] Leo Mariappan, Xu Li and Bin He, B-Scan based acoustic source reconstruction for magnetoacoustic tomography with
magnetic induction, IEEE Trans on Biomedical engineering 58 (2011), 731-720.

[7]1 Han Wen, Jatin Shah and Robert S. Balaban, Hall Effect Imaging, IEEE Trans on Biomedical engineering 45 (1998),
119-124.

[8] Leonid Kunyansky, A mathematical model and inversion procedure for magneto-acousto-electric tomography, IOP Pub-
lishing (2012), Online at stacks.iop.org/IP/28/035002.

[9] Bradley J. Roth and Kevin Schalte, Ultrasonically induced Lorentz force tomography, Med Biol Eng Comput 47 (2009),
573-577.

[10] Tseng N and Roth BJ, The potential induced in anisotropic tissue by the ultrasonically induced Lorentz force, Med Biol
Eng Comput 46 (2008), 195-197.

[11] Herman P. Schwan, Electrical and Acoustic Properties of Biological Materials and Biomedical Applications, IEEE Trans
on Biomedical Engineering 31 (1984), 872-877.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


