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ABSTRACT

The information of electrical properties of biological tissues within human body can be
useful information for diagnosis, tissue characterization, hyperthermia treatment plan-
ning and MR safety control.

CSI-EPT is an MR base imaging modality, which reconstructs the electrical properties
of the sample. However, this method have not been implemented in practice due to the
following issues

1. The exact transmit phase is not available from acquisition.

2. The incident �eld cannot be measured directly.

3. The loss of sensitivity at those regions with low electrical �elds.

4. The suf�ciency of 2D con�guration, which has been used in most published re-
sults, have not be veri�ed.

This thesis investigates the experimental feasibility of CSI-EPT through simulations
and phantom experiments, implementing a parallel transceive array under two different
excitation modes. After which we give answers or improvements to the above issues.

vii
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I NTRODUCTION

This chapter introduces the background, motivation, and main challenges of this project,
along with the general structure and the conventions that will be used in this thesis.
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2 1. INTRODUCTION

This thesis studies MR-based Contrast Source Inversion - Electrical Properties Tomog-
raphy (CSI-EPT) at 7 Tesla, for the goal of bringing the method to practical use. During
this project, we explore the gaps between theory and practice by simulations and phan-
tom experiments. Moreover, possible solutions are evaluated. In this chapter, the back-
ground is reviewed �rstly, then target problems are speci�ed, followed by the aims of this
project. At the end of the chapter, an outline of this thesis is given.

1.1. BACKGROUND

ELECTRICALproperties of biological tissues are mostly referred to as electrical permit-
tivity and conductivity, which are very useful information for diagnosis and treat-

ment [1]. Knowledge of electrical properties can help characterize geometry and func-
tions inside human body. For example, ECG (Electrocardiography) and EIT (Electrical
Impedance Tomography) are widely used for heart and lung functions monitoring, MIT
(Magnetic induction tomography) has applications in brain imaging and cryosurgery
monitoring. Moreover, these frequency-dependent properties are essential to studies
of electromagnetic �eld interactions inside human body, which is a topic gaining in-
creasing attention recently. For instance, knowledge of electrical properties is helpful for
hyperthermia treatment planning and speci�c absorption rate (SAR) prediction in MRI.

1.2. STATE OF THE ART

ELECTRICAL Properties tomography (EPT) is an MR-based imaging modality that re-
constructs electric permittivity map and conductivity map of targeting region, from

measured transmit radio frequency (RF) �eld ( BÅ
1 ). This chapter presents the state of art

of EPT, by introducing a few already-published EPT algorithms.
EPT has been introduced from Haacke's formula [2],

· Æ(¡r 2BÅ
1 )/( ! 2¹ 0BÅ

1 ), (1.1)

which is based on the homogeneous Helmholtz equation

· 2B ¡ r 2B Æ0. (1.2)

which will be explained further in next chapter. The corresponding EPT algorithm as-
sumes the magnetic �eld to be homogeneous. As a result of this assumption, in those
regions with effectively varying magnetic �eld (may be caused by the variance of the in-
cident �eld or mostly by the variance of object's electrical properties), distortion occurs
due to the loss of homogeneity. Moreover, there have not been any published method
that is capable of acquiring pure transmit phase yet. Therefore, when �rstly applying
EPT experimentally in 2003, Wen et al. approximates transmit phase by half of the ac-
quired transceive phase with the implementation of a quadrature birdcage[3], which is
the well-known Transceive Phase Assumption (TPA).

Later, Voigt et al. proposed an algorithm that quanti�es electric conductivity and
permittivity respectively from transmit phase and BÅ

1 amplitude. This method does not
solve the boundary issue, and it depends on TPA. Moreover, to separate the quanti�ca-
tion of EPs, another two assumptions are involved in to describe the electrical conduc-
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tivity with only BÅ
1 amplitude and permittivity with only transmit phase, which is not

true in practice.
In 2013, cr-MREPT (Convection-Reaction Equation Based Magnetic Resonance Elec-

trical Properties Tomography) and generalized LMT (Local Maxwell Tomography) were
proposed [4][5], both of which are improved at those regions of fast varying electrical
properties, by feeding an EP-dependent source to the right-hand side of eq. 1.2, which
was zero in homogeneous Helmholtz equation. However, due to a second order deriva-
tive of magnetic �eld, which ampli�es the noise signi�cantly, generalized LMT has not
achieved the noise tolerance that is quali�ed in practice. Moreover, the second order
derivative also contributes to non-negligible boundary errors. Meanwhile, cr-EPT is re-
ported to have stabilization issues at regions with low convection term [4].

The above EPT algorithms are all based on or evolved from Haacke's formula. As
a result, even though a few of them have improved the boundary issue by modifying
Helmholtz equation, a second order gradient of magnetic �eld is involved inherently,
resulting in ampli�cation of noise.

CSI-EPT (Contrast Source Inversion Electrical Properties Tomography) originates from
a nonlinear inversion method by Peter M. van den Berg and Ralph E. Kleinman[6], and
was introduced by Balidemaj et al. in 2015 [7]. Different from conventional EPT, CSI-EPT
is based on electromagnetic �eld integral equations, for which reason the reconstruction
performance does not rely on the assumption of �eld homogeneity any more. Moreover,
there is no gradient on data in CSI-EPT, which helps avoid ampli�cation of noise. CSI-
EPT reconstructs unknown �elds and contrasts simultaneously, by iteratively minimiz-
ing the discrepancy between measured and reconstructed BÅ

1 and the discrepancy in the
object equation. Therefore, CSI-EPT should not be bothered by noise ampli�cation is-
sue in principle. Moreover, since electrical �elds are also reconstructed in each iteration,
it is possible to reconstruct speci�c absorption rate (SAR) map at the same time, which
would allow for direct assessment of RF safety. These advantages motivate us to do fur-
ther study on CSI-EPT, and to put an effort into bringing this method towards clinical
use.

1.3. PROBLEM STATEMENT

I N the following section, we discuss the current gaps between CSI-EPT and practical
implementation.

TRANSMIT PHASE UNAVAILABILITY

As aforementioned, experimental measurement of transmit phase has not been shown
to date. While CSI-EPT method relies on transmit phase. As a result, like most of the
previously proposed EPT algorithms, CSI-EPT depends on Tansceive Phase Assumption
(TPA), which is only valid under certain symmetry assumptions.

SENSITIVITY AT LOW E-FIELD REGIONS

In CSI-EPT, the unknown contrast is updated based on the reconstructed electrical �elds.
As a result, the algorithm is sensitive to those regions with low E-�eld, where corruptions
may occur [7]. For the concern of low E-�eld issue, it is less �exible when determining
the elements for transmission and reception.
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CALIBRATION OF INCIDENT FIELD

Since CSI-EPT is based on electromagnetic integral equation, the incident �eld is also
required as input. While the incident �eld haven't been able to be measured accurately.
Therefore, the calibration of measured or estimated incident �eld is required before re-
construction.

2D APPROXIMATION

Most research results about CSI-EPT have been based on a two-dimensional con�gu-
ration. However, the suf�ciency of 2D con�guration on approximating the actual 3D
conditions needs to be evaluated.

1.4. AIMS AND METHODOLOGY

T HIS project aims on bringing 2D CSI-EPT to clinical use, by investigating above three
issues by simulations and phantom experiments study.

• About the �rst issue, we will evaluate the performance of TPA on a simulated 2D
model. We will also introduce a modi�cation of regular CSI-EPT method to adapt
it to transceive phase input.

• About the second issue, we will evaluate the performance of different transceive
modes using a parallel transceiver array.

• About the third issue, we will learn from the correspondence between the acquired
transmit �eld data and the simulated data. Since the simulated data is based on
an estimated incident �eld, the discrepancy between the measured data and the
simulated data should be able to characterize the mismatch of incident �elds.

• The last issue will be resolved by the comparison of the resulting transmit �elds
and their CSI-EPT reconstructions between the 2D model and the simulated 3D
model, where perturbations from the practical side would be ruled out.

1.5. NOTATION CONVENTIONS
This following table de�nes the notation conventions that will be used throughout this
thesis.

Font Meaning
Italic Variables
Bold Vectors
Roman in Math Constants
Blackboard ( B) Special sets
Monospace Code language (MATLAB)

1.6. THESIS OUTLINE
This part presents an outline of this thesis.

Chapter 2: Basic theories
The principles of conventional EPT and regular 2D CSI-EPT.
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Chapter 3: General con�guration
The setups of relevant simulations and phantom experiments.

Chapter 4: Simulation studies
Study of the �eld maps, transceive modes, different CSI-EPT algorithms and implemen-
tations based of 2D simulation.

Chapter 5: Experimental studies
Experimental feasibility test of CSI-EPT, by comparison between measurements and sim-
ulations, along with the mismatch locating and resolving.

Conclusion

Appendix
Mathematical descriptions of �eld polarity modes under different excitation modes.
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This chapter presents the theory background of this project by introducing fundamental
principles and some relevant concepts of conventional EPT and CSI-EPT.

2.1. ELECTROMAGNETIC FIELDS IN MRI

FOR conventional MRI systems, where the strength of static magnetic �eld B0 is lower
than 0.5 T, the interaction between RF �eld ( B1) and human body is negligible. But

the signal-to-noise ratio(SNR) of low B0 �eld is not high enough for some advanced stud-
ies (e.g. functional MRI) [1]. For pursuing of improved SNR, high-�eld MRI has been
investigated.

As strength of B0 increases, the Larmor frequency increases linearly, so does the fre-
quency of B1 �eld. This results in stronger interactions between human body and B1

�eld. For instance, in a 7-Tesla MR system, the frequency of B1 �eld is 300 MHz, with
wavelength one meter, which is close to the size of human body, then scattering between
radiofrequency waves and human body becomes non-negligible any more. As a result,
the homogeneity of B1 is decreased and associated electrical �eld arises, which brings in
safety concern. But at the same time, the advantage of stronger interactions and higher
SNR can be used. EPT is based on such interactions between B1 �eld and human body,
and high-�eld MR provides ef�ciently high SNR for applications of this method.

Therefore, investigations in this project are based on radiofrequency (RF) �eld. All
magnetic �elds mentioned in this thesis refer in particular to the B1 �eld.

2.1.1. POLARIZED RADIOFREQUENCY FIELD
Speci�cally, EPT is based on transmit �eld BÅ

1 and receive �eld B¡
1 , which respectively

represent the polarized component rotating in the same direction of nuclear precession
and the polarized component rotating in the opposite direction of nuclear precession.
Their mathematical representation is

BÅ
1 Æ

B1x Å jB1y

2
, (2.1a)

B¡
1 Æ

B1x ¡ jB1y

2
, (2.1b)

where B1x and B1y are x-component and y-component of B1 �eld. The x,y-components
can be represented with the following equations [2]:

B1x ÆK IoCxe j (ÁÅ®), (2.2a)

B1y ÆK IoCye j (ÁÅ¯ ), (2.2b)

where K is a scaling factor depending on coil-geometry, Io and Á are amplitude and
phase of the input current of coil, Cx and Cy are frequency- and spatial-attenuation
factors, ® and ¯ are frequency- and spatial-dependent phase delays. The polarization
mode of transceive �elds depends on the amplitude and phase of x,y-component. When
®¡ ¯ Æn¼, with n 2 Z , rotating B1 �elds are linearly polarized. When ®¡ ¯ Æn¼Å ¼

2 ,
rotating B1 �elds are circularly polarized. From experimental side, A single dipole pro-
duces a linearly polarized �eld in free space; exciting two perpendicular components
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with the same amplitude and 90 ° phase delay generates a circularly polarized �eld in
free space [3]. However, as electrical conductivity increases within the target region, the
conductivity-dependent induced currents will also generate a magnetic �eld, which will
interact with the the linearly polarized �eld. As a result, an elliptically polarized �eld will
be �nally observed. The same condition happens to circular polarization.

The acquired phase data is the transceive phase, which is the suppression of BÅ
1

phase and B¡
1 phase:

Á§ ÆÁÅ Å Á¡ . (2.3)

2.1.2. M ATHEMATICAL CONVENTIONS
Before introducing the theories, a few important conventions and de�nitions are shown
below.

• In this project, we use the convention s Æj ! , where ! Æ2¼f , f is the operating
frequency of the MR system.

• The inner product is de�ned as

hf ,gi S Æ
Z

x2S
f (r )ḡ(r )dV, (2.4)

where the overline denotes complex conjugate.

• The adjoint operator L ¤ satis�es:

hr ,LEi Æ hL¤ r ,Ei (2.5)

2.1.3. H ELMHOLTZ EQUATION FOR MAGNETIC FIELD
Conventional EPT algorithms are typically based on the homogeneous Helmholtz equa-
tion or its variants, and assuming the object to have homogeneous magnetic �eld, equiv-
alently, homogeneous or slowly-varying global magnetic �eld.

The Helmholtz equation for the magnetic �eld can be derived from Maxwell equa-
tions, and it starts from Ampère's law:

r£ B Æ¹ 0(JÅ j !² E), (2.6)

with J Æ¾E, it becomes
r£ B Æj !¹ 0� E, (2.7)

where � Æ" ¡ j ¾
! is the complex electrical permittivity, and it includes electrical conduc-

tivity and permittivity respectively in its imaginary part and real part. As the main goal
of EPT is to map the electrical properties, reconstructing � from electromagnetic �elds
is the core mission of EPT algorithms.

To obtain the Helmholtz equation of magnetic �eld, take the curl of both sides of eq.
2.7:

r£ r£ B Æj !¹ 0r£ � E, (2.8)

Apply the following calculus identity:

r£ ' F Æ' r£ FÅr ' £ F, (2.9)
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where ' is a scalar variable and F is a vector �eld, we come to

r£ r£ B Æj !¹ 0(� r£ EÅr � £ E), (2.10)

Then apply Faraday's Law ( r£ E Æ ¡ j ! B), leading to the Helmholtz equation,

r 2B Å ¹ 0! 2� B Æ ¡
r �
�

£ (r£ B). (2.11)

If the medium is homogeneous, the right side will be zero, which leads to the homoge-
neous Helmholtz equation

r 2B Å ¹ 0! 2� B Æ0, (2.12)

and its variant, Haacke's formula

� Æ ¡
r 2BÅ

1

¹ 0! 2BÅ
1

. (2.13)

2.1.4. I NTEGRAL EQUATIONS
Instead of being based on Helmholtz equation, CSI-EPT is based on the electromagnetic
integral equations.

The total �eld can be written as the addition of the incident �eld and the scattered
�eld:

Etot ÆEinc Å Esc and Btot ÆBinc Å Bsc, (2.14)

for all r 2 R2, r is the spatial variable. In the 2D con�guration, only longitudinal compo-
nent of electric �eld is considered. As a result, E will not be a vector �eld any more.

According to domain integral equation [4], the scattered �eld can be represented as:

Esc ÆGw, (2.15)

BÅ,sc
1 ÆGÅw, (2.16)

where Gand GÅ are electric current to electric �eld and electric current to transmit
RF �eld Green's tensors respectively. Their mathematical representations will be intro-
duced later. In addition, w is the contrast source which is de�ned as:

w Æ� E, (2.17)

with � the contrast function:

� Æ" ¡ j
¾

!" 0
¡ 1. (2.18)

According to the above equation, the electrical properties can be derived as:

¾Æ ¡Im( � Å 1)" 0! , (2.19)

" ÆRe(� Å 1)" 0, (2.20)

where � will be iteratively reconstructed through CSI-EPT method.
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2.2. CONTRAST SOURCE I NVERSION METHOD

CONTRASTSource Inversion (CSI) method reconstructs object's contrast and the total
�eld simultaneously, by iteratively optimizing a cost function, which is de�ned as

the addition of the discrepancy between measured �eld data and reconstructed �eld
data and the object error. This section introduces some mathematical de�nitions and
derivations of CSI-EPT. For more background, the reader can refer to [5].

First of all, the cost function is introduced, which is the addition of the normalized
data residual and the normalized object residual:

Data residual:

½(r) ÆBÅ;sc
1 (r ) ¡ GÅ(r ) ¤ w (r), (2.21a)

ÆBÅ
1 (r ) ¡ BÅ;inc

1 (r ) ¡ GÅ(r ) ¤ w (r), r 2 S, (2.21b)

which is normalized as:

FS(w ) Æ
Ò½Ò2

S

ÒBÅ;sc
1 Ò2

S

, (2.22)

S denotes a bounded measurement domain.
Object residual:

r (r ) Æ� (r )E(r ) ¡ w (r) (2.23a)

Æ� (r )Einc (r ) ¡ w (r ) Å � G(r ) ¤ w (r), r 2 D, (2.23b)

which is normalized as:

FD(w, � ) Æ
Òr Ò2

D

Ò� Einc Ò2
D

, (2.24)

D denotes the object domain.
The above two residuals are normalized to make them both one when w is zero. The

integration of multiple channels is embedded in the third dimension of the above vari-
ables, beside the two spatial dimensions.

For simplicity, the above denominators will be denoted by:

´ S Æ
1

ÒBÅ;sc
1 Ò2

S

, ´ D Æ
1

Ò� Einc Ò2
D

. (2.25a)

the total cost function becomes:

F(w, � ) ÆFS(w ) Å FD(w, � ) (2.26a)

Æ´ S Ò½Ò2
S Å´ D Òr Ò2

D (2.26b)

Æ´ S ÒBÅ;sc
1 ¡ GÅw Ò2

S Å´ D Ò� Einc ¡ w Å � Gw Ò2
D . (2.26c)

The contrast source is updated via the gradient method:

w [n ] Æw [n ¡ 1] Å ®[n ]v [n ] . (2.27)
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v [n ] is the Polak-Ribière [6] update direction:

v [0] Æ0, v [n ]Æ1[n ] Å
Reh1[n ] ,1[n ] ¡ 1[n ¡ 1] i D

Ò1[n ¡ 1] Ò2
D

v [n ¡ 1], n ¸ 1, (2.28)

where 1[n ] is the gradient of the cost function from the last iteration 2.26c with respect to
w . 1[n ] can be derived as:

1[n ] Æ
@F(w [n ¡ 1], � [n ¡ 1])

@w [n ¡ 1]
(2.29a)

Æ ¡´ SGÅ;¤½[n ¡ 1] ¡ ´ D G¤ �̄ [n ¡ 1]r [n ¡ 1]. (2.29b)

®[n ] is the step size and is obtained by minimizing the cost function F(w, � ):

®[n ] Æargmin
®2R

F [n ]
³
w [n ] , � [n ¡ 1]

´
(2.30a)

Æargmin
®2R

´ S ÒBÅ;sc
1 ¡ GÅw [n ] Ò2

S Å´ D Ò� Einc ¡ w [n ] Å � [n ¡ 1]Gw [n ] Ò2
D, (2.30b)

replacing w [n ] with eq. 2.27, leads to

®[n ] Æ
¡ Reh1[n ] ,v [n ] i D

´ S ÒGÅv [n ] Ò2
S Å´ D Òv [n ] ¡ � [n ¡ 1]Gv [n ] Ò2

D

. (2.31)

By combining eq. 2.27, 2.28 and 2.31, w can be updated. Then total electrical �eld can
be updated according to integral equation:

E[n ] ÆEinc Å Gw [n ] . (2.32)

Afterwards, the contrast can be updated by minimizing the object residual:

� [n ] Æargmin
� 2C

Fn
D (w [n ] , � ) (2.33a)

Æargmin
� 2C

´ D Ò� E[n ] ¡ w [n ] Ò2
D, (2.33b)

which leads to

h� E[n ] ¡ w [n ] , Ē[n ] i D Æ0. (2.34)

The minimizer of above equation is the contrast we want

� [n ] Æ
w [n ]Ē[n ]

E[n ]Ē[n ]
. (2.35)

2.2.1. I NITIAL CONDITION
The initial condition of contrast source is determined by minimizing the data error with
respect to w [0] . The cost function is

FS(w [0] ) Æ´ S ÒBÅ;sc
1 ¡ GÅw [0] Ò2

S , (2.36)
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Applying the gradient method, we get

w [0] Æ®w @w [0] , (2.37)

with the gradient
@w [0] ÆGÅ;¤BÅ;sc

1 . (2.38)

The step size is obtained by minimizing the initial cost function 2.36

®w Æargmin
®w 2R

´ S ÒBÅ;sc
1 ¡ GÅ®w @w [0] Ò2

S . (2.39)

This leads to
hBÅ;sc

1 ¡ GÅ®w @w [0] , GÅ@w [0] i S Æ0, (2.40)

then it comes to the step size

®w Æ
hBÅ;sc

1 , GÅ@w [0] i S

ÒGÅ@w [0] Ò2
S

, (2.41)

replace the gradient according to eq. 2.38 and take use of the de�nition of adjoint,

®w Æ
ÒGÅ;¤BÅ;sc

1 Ò2
S

ÒGÅGÅ;¤BÅ;sc
1 Ò2

S

. (2.42)

Finally, combine the gradient from eq. 2.38 and the step size from eq. 2.42 w [0] is ob-
tained as

w [0] Æ
ÒGÅ;¤BÅ;sc

1 Ò2
S

ÒGÅscÅ;¤BÅ;sc
1 Ò2

S

GÅ;¤BÅ;sc
1 . (2.43)

2.2.2. GREEN' S TENSORS
The electric current to magnetic �eld and electric to electric �eld Green's tensors at 2D
are derived from Maxwell equations. The mathematical expressions are shown below:

GÅ Æj !¹ 0" b
r 1y ¡ j r 1x

2
, (2.44a)

G¡ Æj !¹ 0" b
r 1y Å j r 1x

2
, (2.44b)

GÅ;¤ Æj !¹ 0" b

r 1¤
y Å j r 1¤

x

2
, (2.44c)

G¡ ;¤ Æj !¹ 0" b

r 1¤
y ¡ j r 1¤

x

2
, (2.44d)

GÆk2
b1. (2.44e)

for all r 2 R2, where 1 is the Green's function, kb is the constant complex wave number of

background medium, with Im{ kb} · 0,Re{kb} Æ! [¹ 0" b ]
1
2 . The derivations can be found

in [7] [1].
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The Green's functions in time domain can be written as [8]:

1(rm,n ¡ r0
m 0,n0) Æ

(
¡ j

kb¢ r [H (2)
1 ( 1

2kb¢ r ) ¡ 4j
¼kb¢ r ] 8 rm,n Ærm 0,n0

¡ j
kb¢ r J1( 1

2kb¢ r )H (2)
0 (kb jrm,n ¡ rm 0,n0j) 8 rm,n , rm 0,n0

(2.45)

r 1(rm,n ¡ r0
m 0,n0) Æ

(
0 8 rm,n Ærm 0,n0

j
¢ r J1( 1

2kb¢ r )H (2)
1 (kb jrm,n ¡ rm 0,n0j)

rm,n ¡ rm0,n0

jrm,n ¡ rm0,n0j 8 rm,n , rm 0,n0

(2.46)
where H (2)

0 and H (2)
1 are Bessel functions.



REFERENCES

2

15

REFERENCES
[1] J. Jin et al., Computation of electromagnetic �elds for high-frequency magnetic reso-

nance imaging applications, Physics in Medicine Biology 41, 2719 (1996).

[2] D. Hoult, The principle of reciprocity in signal strength calculations - a mathematical
guide, Concepts in Magnetic Resonance 12, 173 (2000).

[3] M. Vaidya et al., Dependence of BÅ
1 and B ¡

1 �eld patterns of surface coils on the elec-
trical properties of the sample and the MR operating frequency, Concepts in Magnetic
Resonance Part B: Magnetic Resonance Engineering 46, 25 (2016).

[4] A. T. de Hoop, Handbook of radiation and scattering of waves, San Diego, CA: Aca-
demic (1995).

[5] A. Abubakar, Three-dimensional nonlinear inversion of electrical conductivity, PhD
Thesis at TU Delft (2000).

[6] E. Balidemaj et al., CSI-EPT: A contrast source inversion approach for improved MRI-
based electric properties tomography, IEEE Transactins on Medical Imaging 34, 1788
(2015).

[7] R. F. Remis et al., Wave �eld imaging lecture notes, Teaching material at TU Delft , 9
(2016).

[8] W. M. Brink et al., Non-invasive electromagnetic ablation of female breast tumors,
Master Thesis at TU Delft (2010).





3
GENERAL CONFIGURATION

This chapter describes the experimental and numerical setup.

17



3

18 3. GENERAL CONFIGURATION

This chapter presents the general con�gurations that will be used in subsequent inves-
tigations, from simulation aspects to experimental aspects.

3.1. EXPERIMENTAL SETUP
Since the goal of this project is to explore the experimental feasibility of CSI-EPT, we also
study on acquired data besides simulation. This section presents some details about the
experimental setup.

MR SCANNER

Experimental data will be acquired on a 7 Tesla whole body MRI system of Philips, at
the C. J. Gorter Center, Leiden University Medical Center, Leiden, the Netherlands. The
system is equipped with eight-channel RF transmit setup, enabling channel-wise exper-
iments.

PHANTOM

The experimental scans are conducted in a phantom, which mimics the human calf. The
phantom is a cylindrical plastic container (L = 40 cm, D = 10 cm) �lled with prepared
solution, and it is compounded according to the recipe: 100 g water, 0.5 g NaCl, 40 g PVP
(Polyvinylpyrrolidone), to achieve EPs of ² r Æ60, ¾ Æ0.65S/ m, which are close to the
electrical properties of muscle at 300 MHz (Larmor frequency at 7T).

RF COIL

A four-channel dipole array is implemented in our experiments. In transceive mode of
operation, transmission is done by each channel sequentially, and reception is done by
the four channels altogether in quadrature mode. We apply this transceive mode to avoid
low E-�eld issue of birdcage mode and to lower the dif�culty of transmit phase correcting
by improving the uniformity of the receive phase map.

The implemented dipole array is designed also by us via a Remcom-MATLAB circuit
co-simulation method, where the dipoles are segmented and the inductors' positions
and values are subsequently optimized in terms of central transmit ef�ciency, SNR and
SAR ef�ciency. More information about the design of the dipole array is presented in [1].

A simulated model and a picture of the implemented phantom and dipole array is
shown in �g. 3.5b

MR SEQUENCE

The method DREAM (dual refocusing echo acquisition) is used for BÅ
1 acquisitions in this

project [2]. DREAM provides BÅ
1 amplitude and transceive phase with suf�cient quality

at high speed (about 100 to 300 ms/slice). This method takes use of a STEAM magnetiza-
tion preparation sequence, then generates a stimulated echo (STE) and a free induction
decay (FID) echo,

ISTEÆ
1

2
sin(¯ )sin2(®) ¢M0, (3.1)

IFID Æsin(¯ )cos2(®) ¢M0, (3.2)
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according to which, the B1 amplitude and transceive phase can be obtained as:

jBÅ
1 j Æ

arctan
p

2jISTE/ IFID j

®
, (3.3a)

Á§ Æ
arg(IFID ¢ISTE)

2
, (3.3b)

where ® is the nominal �ip angle of STEAM pulse, ISTE and IFID are STE and FID signals
respectively.

EDDY CURRENT EFFECT COMPENSATION

After the �rst acquisition, we perform a second acquisition with the reversed readout
gradient, which is a conventional method for eddy current effect compensation.

Eddy current may induce an additional phase term in acquired B1 phase data, which
can be characterized by the equation [3]:

Áeddy(r ) Æ°
Z TE

0
¢ Beddy(r , t ), r 2 S, (3.4)

where ° is gyromagnetic ratio, TE is echo time, ¢ Beddy(r , t ) is the eddy current �eld. Then
the total phase accumulation when implementing either positive or negative readout
gradient can be expressed as:

Á§
positive (r ) ÆÁ§

data(r ) Å Áeddy(r ), (3.5a)

Á§
negative(r ) ÆÁ§

data(r ) ¡ Áeddy(r ). (3.5b)

As a result, to compensate for the residual gradient of phase map that is induced by
eddy currents, a second acquisition with reversed readout gradient can be conducted. By
doing so, the average of those two phase maps will be clean from eddy current effect, and
half of the difference represents the phase due to the eddy currents. The above process
can be written as:

Á§
data(r ) Æ

Á§
positive (r ) Å Á§

negative(r )

2
, (3.6a)

Áeddy(r ) Æ
Á§

positive (r ) ¡ Á§
negative(r )

2
, (3.6b)

For example, as shown in �g. 3.1, the image on the left shows a measured transceive
phase map with our experimental setup; the image in the middle shows the second mea-
surement with a reversed readout gradient; the image on the right shows the transceive
phase that is simulated on the 2D model. All the three phase maps should represent
transceive phase of the center slice of the phantom at 7 T , but they appear very different,
due to the eddy current effect. It can be observed that there is a strong extra gradient
along the transverse, and the gradient changes as readout gradient changes.

The experimental data after the compensation is shown in �g. 3.2, where we can see
the compensated data has a high similarity to the simulation. In addition, eddy current
effects are not always so strong as �gure 3.2 shows. It depends on echo time, gradient
waveforms and magnetic �eld strength.
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Figure 3.1: Acquired transceive phase maps with two opposite readout gradients along
with corresponding simulation reference of a single channel. Transceive mode: channel-
wise transmission and quadrature reception based on a four-channel dipole array. Col-
ormap range: [ ¡ ¼,¼].

Figure 3.2: Acquired phase maps after eddy-current effect compensation, eddy current
induced residual phase gradient, simulation reference.

3.2. SIMULATION SETUP
Simulation studies of this project are based on two models: a 2D model based on inte-
gral equations implemented in MATLAB (MathWorks, Natick, Massachusetts, USA) and
a 3D model implemented in XFdtd (Remcom inc., State College, PA, USA). This section
introduces these two models and the associated principles.

2D MODEL

The 2D model approximates the 3D con�guration by assuming longitudinal invariance.
The object phantom is modeled by a disk region with constant dielectric properties ( ¾Æ
0.65 S/m, ² r Æ60) inside. The dipole array is modeled by line sources surrounding the
phantom. The size of phantom, the allocation of dipoles, the magnetic �eld strength and
the contrast within phantom can be customized �exibly according to the experimental
setup. The electrical properties' maps of the 2D object are shown in �g. 3.3. Fig. 3.4
shows the estimated incident BÅ

1 �elds at 7 T , where the amplitude peaks correspond to
the positions of dipoles. With these incident �elds and contrast, the total �eld will be
generated by resolving a forward scattering problem, according to the electromagnetic
integral equations. The simulated total �eld by 2D model will serve as input to guide
CSI-EPT reconstructions; It will also provide a good reference for experimental studies.
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Most importantly, it is the backbone of 2D CSI-EPT.

Figure 3.3: 2D object model. r phantom Æ5 cm, ² r Æ60, ¾ Æ0.65, resolution Æ2.5£
2.5 mm2.

Figure 3.4: Incident transmit �eld of a four-channel dipole array. r array Æ7.5 cm, B0 Æ7 T,
resolution = 2.5 £ 2.5 mm2.

NOISE INCORPORATION AND SNR DEFINITION

When incorporating noise in our simulated �elds, we de�ne an additive noise as:

N ÆNREÅ jNIM , (3.7)

where NRE and N I M are independent Gaussian noise with identical distribution:

NRE » N (0, ¾2) ,NIM » N (0, ¾2). (3.8)

While in actual acquisition, the noise is more complicated. In addition, we relate SNR to

¾asSNRÆ
maxÒBÅ

1 Ò
¾ .

In the next chapter, we will incorporate the above noise with varying SNR to the 2D
simulation, not to model or compare with actual measurement, but to do a parallel com-
parison between different transceive modes and reconstructing algorithms. To make this
comparison fair as possible, the noise will be added dipole-wisely, for both channel-wise
transceive mode and quadrature transceive mode, which means, to quadrature mode,
the noise will be added to each channel before being combined in quadrature mode.
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