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ABSTRACT 

 

 

INDUCED CURRENT MAGNETIC RESONANCE  

ELECTRICAL IMPEDANCE TOMOGRAPHY (ICMREIT) WITH LOW 

FREQUENCY SWITCHING OF GRADIENT FIELDS 

 

Eroğlu, Hasan Hüseyin 

Ph.D., Department of Electrical and Electronics Engineering 

                    Supervisor:  Prof. Dr. B. Murat Eyüboğlu 

 

 

July 2017, 150 pages  

 

 

 

In this thesis, it is aimed to investigate induced current magnetic resonance 

electrical impedance tomography (ICMREIT) starting from modeling and 

analysis to experimental validation. Forward and inverse problems of ICMREIT 

are formulated. A magnetic resonance imaging (MRI) pulse sequence is 

proposed for the realization of ICMREIT using the slice selection (z) gradient 

coil of MRI scanners. Considering the proposed MRI pulse sequence, 

relationship between the low frequency (LF) MR phase and the secondary 

magnetic field is expressed. Forward problem is solved using finite element 

method (FEM) for z and y gradient coils of MRI scanners. For the solution of 

the inverse problem, J-derivative and E-calculation image reconstruction 

algorithms are proposed and the performance of the algorithms is evaluated by 

using simulated measurements. Sensitivity and distinguishability analyses are 

performed 
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performed in order to investigate imaging characteristics of ICMREIT. 

Phantom experiments are performed for physical realization of ICMREIT. 

Simulated and physical LF phase measurements have similar characteristics. 

Low sensitivity of LF phase measurements is thought to be the main reason for 

the quantitative difference between the simulated and experimental 

measurements and the major limitation of the method towards clinical 

applications. Using the LF phase measurements, current density and true 

conductivity images are reconstructed. Reconstructed current density and 

conductivity images show that ICMREIT is a safe and a potentially applicable 

medical imaging method. Reconstructed conductivity images are rough 

estimates of the simple phantoms and they exhibit qualitative reconstructions 

rather than quantitative images. Sensitivity of LF phase measurements and 

image reconstruction performance should be increased in order to use the 

method in clinical practice. 

 

Keywords: Induced current magnetic resonance electrical impedance 

tomography (ICMREIT), finite element method (FEM), magnetic resonance 

(MR) phase imaging, low frequency (LF) phase, image reconstruction. 
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ÖZ 

 

 

GRADYAN ALANLARIN DÜġÜK FREKANSTA 

ANAHTARLANMASIYLA AKIM ĠNDÜKLEMELĠ MANYETĠK 

REZONANS ELEKTRĠKSEL EMPEDANS TOMOGRAFĠSĠ (AĠMREET)  
 

Eroğlu, Hasan Hüseyin 

                    Doktora, Elektrik ve Elektronik Mühendisliği Bölümü 

                    Tez Yöneticisi:  Prof. Dr. B. Murat Eyüboğlu 

 

 

Temmuz 2017, 150 sayfa  

 

 

 

Bu tezde, akım indüklemeli manyetik rezonans elektriksel empedans 

tomografisi (AĠMREET) yönteminin modelleme ve çözümlemeden baĢlayarak 

deneysel gerçekleĢtirmeye kadar devam eden bir süreçte incelenmesi 

amaçlanmıĢtır. AĠMREET ileri ve ters problemleri formülize edilmiĢtir. 

AĠMREET’nin manyetik rezonans görüntüleme (MRG) tarayıcılarında bulunan 

kesit seçici (z) gradyan sargısı aracılığıyla gerçekleĢtirilebilmesi için bir MRG 

darbe dizini önerilmiĢtir. Önerilen MRG darbe dizini dikkate alınarak düĢük 

frekanslı (DF) MR faz bileĢeni ile ikincil manyetik alan arasındaki iliĢki 

açıklanmıĢtır. Ġleri problem, MRG tarayıcılarının z ve y gradyan sargıları için 

sonlu elemanlar yöntemi (SEY) kullanılarak çözülmüĢtür. Ters problemin 

çözümü için J-türevi ve E-hesaplama görüntü geriçatım yordamları önerilmiĢ ve 

yordamların baĢarımları benzetim ölçümleri aracılığıyla değerlendirilmiĢtir. 

AĠMREET’nin 
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AĠMREET’nin görüntüleme niteliklerinin incelenmesi için duyarlılık ve ayırt 

edilebilirlik çözümlemeleri gerçekleĢtirilmiĢtir. AĠMREET’nin fiziksel 

gerçeklemesi için fantom deneyleri yapılmıĢtır. Benzetimler ve deneyler 

sonucunda elde edilen DF faz ölçümlerinin nitelikleri benzerdir. DF faz 

ölçümlerinin düĢük duyarlılığının benzetim ve deney ölçümleri arasındaki nicel 

farkın ana nedeni olduğu ve yöntemin klinik uygulamalara yönelik en büyük 

sınırlaması olduğu düĢünülmektedir. DF faz ölçümleri kullanılarak akım 

yoğunluğu ve gerçek iletkenlik görüntüleri geriçatılmıĢtır. Geriçatılan akım 

yoğunluğu ve iletkenlik görüntüleri AĠMREET’nin güvenli ve uygulama 

potansiyeli olan bir tıbbi görüntüleme yöntemi olduğunu göstermektedir. 

Geriçatılan iletkenlik görüntüleri, basit fantomların kaba tahminleri olup nicel 

görüntülerden daha çok nitel geriçatımları sergilemektedir. Yöntemin klinik 

uygulamalarda kullanılması için DF faz ölçümlerinin duyarlılıklarının ve 

görüntü geriçatım baĢarımının artırılması gerekmektedir. 

 

Anahtar Kelimeler: Akım indüklemeli manyetik rezonans elektriksel empedans 

tomografisi (AĠMREET), sonlu elemanlar yöntemi (SEY), manyetik rezonans 

(MR) faz görüntüleme, düĢük frekans (DF) faz, görüntü geriçatımı. 
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CHAPTER 1 

 

 

INTRODUCTION 

 

 

 

Low frequency (LF) electrical conductivity imaging of biological tissues 

has attracted the interest of many researchers in the past decades since the 

electrical conductivity distributes between the tissues and changes with respect 

to the physiological responses [1-4]. The starting point of LF electrical 

conductivity imaging is electrical impedance tomography (EIT) which is based 

on locating electrodes on the surface of a volume conductor object and injecting 

electrical current through these electrodes [5-15]. Distribution of the injected 

current inside the object with respect to the object conductivity creates an 

electrical potential field, which is measured through the surface electrodes, and 

these potential measurements are used to reconstruct conductivity images            

[5-15]. Today, EIT is utilized in intensive care units for monitoring ventilation 

and perfusion of patients [10-15].  As an alternative to injected current EIT, 

induced current EIT (ICEIT) is proposed, in which eddy current is induced in a 

volume conductor object by exciting a nearby coil with time varying electrical 

current [16-18]. Similar to the injected current EIT, induced eddy current 

generates an electrical potential field, which is measured by means of surface 

electrodes, and these potential measurements are used to reconstruct 

conductivity images [16-18]. It is reported that sensitivity of surface potential 

measurements to internal conductivity perturbations is very low and 

aaaaaaaaaaa 



 

2 

reconstructed conductivity images of EIT suffer from low spatial resolution, 

which can be considered as the major drawbacks of the method [10]. 

 

In the beginning of 1990s, it is proposed to synchronize electrical current 

injection with magnetic resonance imaging (MRI) techniques in order to 

reconstruct current density distribution through the object to be imaged [19-20]. 

This method is known as magnetic resonance current density imaging (MRCDI) 

in which electrical current is injected to an object including magnetic resonance 

(MR) active nuclei in synchrony with an MRI pulse sequence [19-21]. 

Distribution of the injected current inside the object with respect to the object 

conductivity creates a magnetic flux density distribution, the z component of 

which (  ) induces phase in MR images. By using MR phase imaging methods 

and Ampere’s Law,    and current density images are reconstructed, 

respectively [19-23]. The reconstructed current density images take the 

advantage of equal sensitivity and high resolution of    measurements 

throughout the field of view (FOV) [19-23]. After the introduction of MRCDI, 

it is proposed to reconstruct conductivity images by using    and surface 

potential measurements. This method is known as magnetic resonance electrical 

impedance tomography (MREIT) [24]. MREIT, which combines EIT and 

magnetic resonance imaging (MRI) modalities in the same platform [24-42], 

has reached the stage of animal experiments [30, 34-39].  Kim et al. also report 

conductivity images of a human leg as the results of an in-vivo MREIT 

experiment [36]. 

 

The necessity of injecting electrical current to body via surface electrodes 

constrains the clinical application of MREIT. Arpınar et al. [40] state that the 

amount of electrical current injected to a body in MREIT studies is higher than 

the patient auxiliary current limit of 100 μA mentioned in IEC 60601-2-33 

standard  
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standard [43]. To solve the application problems of MREIT related with 

injection current, Özparlak and Ġder propose induced current magnetic 

resonance electrical impedance tomography (ICMREIT) in a simulation study 

[44]. In ICMREIT, a coil located near a volume conductor object is excited with 

LF electrical current (     ) in synchrony with an MRI pulse sequence. Due to 

the coil excitation, a primary magnetic flux density distribution (  ) is 

generated through the object.   , which depends on        and coil geometry is a 

known distribution.    induces LF eddy current (   ) in the object to be imaged 

and     generates a secondary magnetic flux density (  ) distribution through 

the object. Z component of    (   ) accumulates phase in MR signal (   ) and 

can be reconstructed by post-processing the MR phase ( ) images. 

Conductivity images are reconstructed by using     measurements and the z 

component of    (   ) [44-45].  

 

As the pioneer of ICMREIT, Özparlak and Ġder propose an MRI pulse 

sequence for     measurements [44]. This pulse sequence is based on spin-echo 

and adapted from the AC current density imaging (AC-CDI) pulse sequence 

proposed by Mikac et al. [23]. In this pulse sequence,       with a sinusoidal 

form is applied to a discrete coil after a time interval (  ) following the 90
o
 

excitation radio frequency (RF) pulse.       induces     in the object, which is 

90
o
 phase lagged compared to      . 180

o
 refocusing RF pulses are applied at 

zero crossings of     which results in phase accumulation in MR signal due to 

   . Time instants of 180
o
 refocusing RF pulses correspond to the peaks of       

waveform. Therefore, phase contribution of     is zero. After a time interval of 

   following       waveform, MR signal is read-out [44]. It is proposed to apply 
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       twice with opposing polarities and take the difference of the resultant   

distributions in order to obtain     which can be expressed as 

 

       (  )        (             )   , (1.1) 

 

where        represents the number of cycles of       waveform,   is 

gyromagnetic ratio of hydrogen,          is the peak value of      waveform, 

            is the average value of the full wave rectified     waveform, and 

    is the time interval of coil excitation. Although the accumulation of     due 

to the MRI pulse sequence in [44] is promising, the implementation of this 

pulse sequence is not straightforward since it requires the application of 180
o
 

refocusing RF pulses with a sinusoidally varying       waveform. 

 

Experimental realization of ICMREIT with a discrete coil [44] is difficult 

since it requires an MR compatible coil and a state of the art AC current supply 

for the excitation. Özsüt proposes the utilization of the read-out gradient coil of 

a 0.15T MRI scanner for inducing     in a volume conductor [46]. Özsüt uses 

an MRI pulse sequence similar to the one presented in [44]. He applies a 

triangular gradient (Gx) after the 90
o
 excitation RF pulse. At time instants on 

which Gx reach its peaks, 180
o
 refocusing RF pulses are applied which results in 

accumulation of     in MR signal. In [46], amplitude of Gx is adjusted and the 

resultant k-space magnitude images are investigated. It is stated that k-space 

magnitude image is concentrated in LF region and shifts out of the FOV, for 

low and high amplitudes of Gx, respectively [46].  

 

Van Lier et al. propose applying conventional spin-echo MRI pulse 

sequence for inducing     in a volume conductor and called this method as low 

frequency 

 



 

5 

frequency-electric properties tomography (LF-EPT) [47]. They apply 

conventional spin-echo MRI pulse sequence twice with opposing read-out 

gradient polarities. They state that RF and LF components of the   images 

obtained in two acquisitions have the same and opposite polarities, respectively 

[47]. By adding and subtracting the resultant   images, phase contribution of 

RF pulses (   ) and     are obtained. The results of phantom experiments 

performed on a 3T MRI scanner show that     and     profiles passing 

through the phantoms have parabolic curvature and linear slope, respectively. It 

is stated that curvature of     and slope of     profiles change according to 

RF and LF conductivity distributions of the phantoms, respectively [47].  

 

Oran et al. propose applying conventional gradient-echo MRI pulse 

sequence for inducing     in a volume conductor and called this method as low 

frequency-magnetic resonance electric properties tomography (LF-MREPT) 

[48]. They apply conventional gradient-echo MRI pulse sequence twice with 

opposing read-out gradient polarities and subtract the resultant   images in 

order to obtain     distribution. They derive a convection reaction based 

conductivity image reconstruction algorithm in order to reconstruct 

conductivity images with     and     distributions.  They build a simulation 

model composed of an x-gradient coil and a block with a cylindrical 

inhomogeneity. Using the simulated measurements, they reconstruct 

conductivity images with high accuracy. They build an experimental phantom 

similar to the one used in the simulation. They perform physical experiments on 

a 3T clinical MRI scanner. They express that     measurements are feasible and 

     has decreasing characteristics through x direction [48]. 

 

In a simulation study, de Geeter et al. propose applying a trapezoidal 

gradient 
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gradient pulse before the conventional gradient-echo MRI pulse sequence for 

inducing     in a volume conductor [49]. They state that     can be recovered 

by applying the MRI pulse sequence twice with and without the     inducing 

gradient pulse and taking the difference of the resultant   images [49]. Due to 

the Faraday’s Law of electromagnetic induction,     distributions induced 

during the rise and the fall time of the gradient pulse are opposite of each other. 

As a result, MR phase contribution of     is zero since the MR phases 

accumulated during the rise and the fall time of the gradient pulse cancel out 

each other.  

 

Eroğlu and Eyüboğlu are the first to propose the utilization of slice 

selection (z) gradient coil for the realization of ICMREIT [50]. They formulate 

the forward problem of ICMREIT and perform computer simulations for a 

numerical model composed of a z-gradient coil around a cylindrical conductor. 

They calculate     distributions based on the MRI pulse sequence proposed by 

Özparlak and Ġder [44]. They conclude that ICMREIT can be realized with z-

gradient coils of MRI scanners without the need for an additional hardware 

[50]. Eroğlu and Eyüboğlu also compare MREIT and ICMREIT in a simulation 

study [51] by using sensitivity and distinguishability [52] analyses. They state 

that sensitivity of ICMREIT measurements is related with radial distance to the 

center of the conductor, and imaging concentric inhomogeneities with 

ICMREIT is very difficult. Position dependent sensitivity of ICMREIT 

measurement is stated as the major drawback of the method compared with 

MREIT. They state that utilization of z-gradient coil may be a good choice for 

the experimental realization of ICMREIT [51]. 

 

Mandija et al. investigate the use of conventional spin-echo MRI pulse 

pulse 
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sequence for the experimental realization of ICMREIT [53]. They locate an 

additional read-out gradient pulse around the 180
o
 RF pulse of the spin-echo 

MRI pulse sequence and propose applying the pulse sequence twice with 

opposing read-out gradient polarities. They recover     and     distributions 

by adding and subtracting the acquired   images. They state that measured   

images are prone to geometrical distortions (  ) which are resulted from 

imaging imperfections such as inhomogeneity of main magnetic field (  ) and 

system eddy current induced in conductors of MRI scanner. They state that     

measurements are affected by RF leakage,            (       ), which is 

related with conductivity. They apply artificial    shifts to the measured   

images and calculate the shifted     (   
       ) distributions. They observe 

that    
        distributions scale with   . However, the effect of    shifts is 

not observed in true     distributions exhibited by the authors. They conclude 

that measured     distributions may also be affected by measurement noise 

and their ICMREIT implementation is not feasible [53]. 

 

Gibbs and Liu propose using a gradient-echo MRI pulse sequence for the 

experimental realization of ICMREIT [54]. They apply a spoiler gradient with a 

trapezoidal form before RF excitation. By taking the duration of the spoiler 

pulse long, in the order of 5 ms,    induced in the object during the rise time 

decays to zero and     induced during the fall time contributes to     

distribution. They conclude that applying a spoiler gradient before RF 

excitation is not a feasible method for the experimental realization of ICMREIT 

[54] since induced     decays to zero immediately due to the negligible 

inductance of the object to be imaged. 

 

Oran and Ġder propose using a spin-echo MRI pulse sequence and             
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z-gradient coil to investigate feasibility of ICMREIT [55]. They formulate the 

forward and the inverse problems of ICMREIT and try to model     

distribution by utilizing the          concept proposed by Mandija et al [53]. 

They apply a spin-echo MRI pulse sequence with opposing slice selection 

gradient polarities [55]. It is observed that slice selection gradients of 90
o
 and 

180
o
 RF pulses of the proposed pulse sequence [55] have opposite polarities 

which may select different slices of the object to be imaged unless center 

frequencies of these RF pulses are adjusted accordingly. They conclude that 

measured     distributions are affected by          and their ICMREIT 

implementation is not feasible [55]. 

 

Literature survey shows that MR based LF conductivity imaging is an 

interesting field of research which deserves to be explored. Because of technical 

limitations and safety constraints, MR based LF conductivity imaging has not 

been applied to clinical imaging yet [40, 43]. ICMREIT can be considered as a 

promising alternative for LF conductivity imaging. However, no convincing 

experimental proof has been demonstrated up to now although the method [44] 

was introduced almost a decade ago. We also observe that the experimental 

studies about ICMREIT [46, 47-48, 53-55] do not use MRI pulse sequences 

including multi-cycle gradient waveforms as expressed in the original 

description of the method [44]. 

 

 In this thesis, it is aimed to investigate ICMREIT starting from modeling 

and analysis through physical experiments.  

 

In Chapter 2, forward and inverse problems of ICMREIT are formulated. 

An MRI pulse sequence is proposed for the experimental realization of 

ICMREIT. 
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In Chapter 3, numerical simulations are described in order to solve the 

forward and inverse problems of ICMREIT. Distinguishability and sensitivity 

analyses are introduced in order to investigate the imaging characteristics of 

ICMREIT. Experimental methods are described in order to validate the 

proposed method. 

 

In Chapter 4, simulation and experimental results are presented. 

 

In Chapter 5, simulation and experimental results are discussed by 

considering the existent literature about the subject. In addition, important 

aspects of the study are summarized.  

 

In Chapter 6, thesis is concluded and future studies are suggested. 
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CHAPTER 2 

 

 

THEORY 

 

 

 

2.1 Forward Problem of ICMREIT 

 

2.1.1 Definition and Numerical Solution of the Forward Problem 

 

Forward problem of ICMREIT can be described as calculation of     

distribution through the object to be imaged due to the excitation of a nearby 

coil with time varying electrical current. Forward problem is described for a 

three dimensional (3D) geometry as shown in Figure 2.1. In Figure 2.1,    and 

  are a volume conductor object and an air filled spherical solution domain,   

and   are the electrical conductivity and the dielectric permittivity of the object 

which are assumed to be isotropic,    and    are the dielectric permittivity and 

the magnetic permeability of free space, and  ̅ is the normal vector on the 

boundary of   (  ). Time harmonic (e
jωt

) electromagnetic fields with an 

angular frequency of   are considered in the derivation of the forward problem. 

The forward problem is described starting from the Ampere’s Law [50-51] as 

 

      [(     )       ]  (2.1) 
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ic = I e
jωt

Ωc

(σ, ε, μo)

(σ=0, εo, μo)

Solution domain (Ω): air

coil

conductor

n
_

 

Figure 2.1 Geometrical structure used for the description of the forward 

problem. Half of the solution domain is not shown for visualization. 

 

where   is the magnetic flux density,   is the electric field intensity, and       is 

the coil current.       can be expressed as 

 

       {
          

     
 ̂                   

              
  (2.2) 

 

where      ,      ,      , and  ̂     are number of turns, magnitude of the 

excitation current, cross sectional area, and unit vector of the coil, respectively. 

  and   can be expressed as 
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           (2.3) 

and 

      , (2.4) 

 

where   and   are the vector magnetic and the scalar electric potentials, 

respectively.   and   can be transformed into new vector magnetic ( ̅̃) and 

scalar electric ( ̃) potentials by introducing a scalar field (φ) as 

 

  ̅̃   ̅     (2.5) 

and 

  ̃         (2.6) 

 

Choosing    
 

 
  and using (2.1-2.6) result in 

 

 (       ) ̅̃     (     ̅̃)        (2.7) 

 

In ICMREIT,   is a low frequency in the order of 2π×1000 rad/s. 

Therefore, quasi-static condition is assumed for the solution of the differential 

equation shown in (2.7). By this way, electromagnetic fields decay 

exponentially with distance [51, 56-57]. Considering the quasi-static condition, 

a magnetic insulation type boundary condition  

 

  ̅   ̅̃           (2.8) 

 

is used for the solution of (2.7) [50-51, 56-57]. Boundary value problem (BVP) 

shown in (2.7-2.8) is defined in a FEM solver COMSOL Multiphysics 5.1 
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(COMSOL AB, Sweden). In order to prevent reflections from   ,   is 

stretched to a large extent which is called as infinite element domain (  ) [51, 

58-59].  After the description of   , the boundary condition shown in (2.8) is 

applied on the boundary of    (   ). BVP shown in (2.7-2.8) is solved for  ̅̃. 

Then,   and   are calculated by using (2.3-2.6).     is calculated by using the 

Ohm’s Law as 

 

             ̅̃. (2.9) 

 

  obtained as a result of the solution of BVP in (2.7-2.8) and equations               

(2.5-2.6) can be expressed as 

 

          (2.10) 

 

Two simulations are performed in order to extract     from  . At first, true 

conductivity distribution of the object is used. In the second simulation, 

conductivity value of the object is equal to zero. By subtracting the z 

components of the resultant   distributions,     distribution is obtained [50-51].      

 

2.1.2 Semi-Analytical Solution of the Forward Problem 

 

For a cylindrical conductor,     can be expressed analytically which can 

be utilized as a baseline solution [51, 60]. The starting point is Faraday’s Law 

which can be expressed as 

 

 ∮  (     )  
 

    ∫      (     ) ̂      
, (2.11) 
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where (     ) are the coordinates in cylindrical coordinate system,   and   are 

the circumference and the area of the circular cross section of the conductor, 

respectively. It is assumed that circular cross section of the conductor is 

perpendicular to the z-axis. Considering the integration path, azimuthal ( ) 

components of   are considered. By using the Ohm’s Law and evaluating 

(2.11) for the cylindrical geometry,     can be expressed as 

 

    (     )   
 

 
       (     )    (     )  ̂      (2.12) 

 

By using the Biot-Savart Law and (2.12),     can be calculated as  

 

    (     )  
     

  
∫  (  )     ( 

       ) 
[       (    )]

     
      

,  

(2.13) 

 

where (        )  and (     ) represent the source and the field points, 

respectively and   is the distance between the source and the field points.     is 

obtained as a result of the numerical solution of the BVP shown in (2.7-2.8) and 

(2.5-2.6) when the conductivity of the object is equal to zero.     is calculated 

by using (2.12) and the     distribution obtained from the numerical solution of 

the forward problem. Therefore, the method shown in (2.12) is referred to as 

semi-analytical solution of the forward problem. Reliability of the numerical 

solution is evaluated by inspecting L2 norm of     distributions (|   |) obtained 

from the semi-analytical and the numerical solutions. 
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2.2 Inverse Problem of ICMREIT 

 

2.2.1 Definition of the Inverse Problem 

  

Inverse problem of ICMREIT can be defined as the reconstruction of 

conductivity distribution of the object to be imaged by using     measurements 

and readily known     distribution [44-45]. Inverse problem can be derived 

starting from Ampere’s and Faraday’s laws which can be expressed as  

 

          (2.14) 

and 

      (     ) , (2.15) 

 

Substituting conservation of magnetic flux 

 

       (2.16) 

 

and (2.15) in a vector identity 

 

        (   )      (2.17) 

 

results in 

 

        [  (     )  ]. (2.18) 

 

Substituting (2.14) in (2.18) results in 

 

      
   (     )

 (     )
 (   )      (     ) . (2.19) 
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In ICMREIT, it is aimed to image   distribution of biological tissues varying 

between 0 and 2 S/m [1]. Consider a volume conductor with a   value of 1 S/m 

and a relative permittivity (  ) value of 78.4, which is equal to the    value of 

water [61]. For   2π×1000 rad/s and    78.4,           4.36×10
-6

 S/m 

is much smaller than 1 S/m. Therefore,      is assumed and (2.19) can be 

expressed as 

 

      
  

 
 (   )       . (2.20) 

 

Considering the z component of   and substituting (2.10) in (2.20) result in 

 

   [(       ) ̂ ]   
  

 
 [  (       ) ̂ ]      (       ) ̂ ,      

                                                                    (2.21) 

 

where     is a readily known distribution depending on coil geometry and 

excitation current,     is the measured distribution, and   is the unknown 

distribution to be reconstructed. Equation (2.21), which expresses the 

relationship between   and  , is the inverse problem of ICMREIT. For the 

solution of the inverse problem of ICMREIT, image reconstruction algorithms 

are presented in the following sections. 



2.2.2 E-calculation Algorithm 

 

The relationship between x and y components of     (   and   ) and    

can be expressed by using Ampere’s Law as 
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        (   ̂     ̂ ). (2.22) 

 

In MRI, magnetic field components in direction of    (z direction) contribute to 

the phase of MR signal. Therefore,    and    can be calculated by substituting 

    in (2.22) as 

 

    
 

  

    

  
 (2.23) 

and 

     
 

  

    

  
. (2.24) 

 

|   | can be calculated as 

 

 |   |  √  
    

 . (2.25) 

 

The angle ( ) between    and    can be calculated as 

 

        .
  

  
/. (2.26) 

 

Since        , z component of (2.14) can be expressed as 

 

 
   

  
 

   

  
       , (2.27) 

 

where    and    are x and y components of  , respectively.    and    can be 

expressed in terms of L2 norm of    
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 | |  √  
    

  (2.28) 

 

and   as 

 

    | |     (2.29)  

and 

    | |    . (2.30) 

 

Substituting (2.29-2.30) in (2.27) results in 

 

 
 | | 

  
     | |

     

  
 

 | |

  
     | |

     

  
       . (2.31) 

 

In (2.31),   and     are known distributions, whereas | | is an unknown 

distribution. Equation (2.31) is discretized by using finite difference method 

(FDM) [62]. Field of view (FOV) is divided into     pixels. Central 

difference is used for the pixels that are not located at the boundary of the slice 

to be imaged. For the pixels located at the left and the upper boundary of the 

slice, forward difference is used. For the pixels located at the right and the 

lower boundary of the slice, backwards difference is used. As a result, a matrix 

equation is obtained as 

 

 , -      

[
 
 
 
|  
̅̅ ̅|

|  
̅̅ ̅|
 

|   ̅̅ ̅̅ ̅|]
 
 
 

    

   

[
 
 
 
   

   

 
    ]

 
 
 

    

 , (2.32) 

 

where the sub-indices         represent a pixel inside FOV. | | is calculated 
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by solving (2.32).   value in a specific pixel is reconstructed by using the 

Ohm’s Law as 

 

  (   )  
|   (   )|

| (   )|
, (2.33) 

 

where (   ) are the pixel indices.  (   ) values reconstructed with (2.33) may 

approach to infinity if | (   )| values approach to zero. In order to avoid this 

situation, | (   )| is limited by using 

 

 | (   )|          | (   )|      , (2.34) 

 

where      is the lower limit of | (   )| values. The reconstruction method 

expressed in (2.22-2.34) is called as E-calculation algorithm since the proposed 

method is based on the calculation of | |.  

 

2.2.3 J-derivative Algorithm  

 

The relationship between   ,    and     is shown in (2.27). By using the 

Ohm’s Law, (2.27) can be expressed in terms of resistivity ( ),   , and    as 

 

 
  

  
(    )  

  

  
(   )        . (2.35) 

 

Assuming homogenous   distributions, (2.35) can be expressed as 

 

  .
     

  
 

     

  
/         . (2.36) 
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  can be reconstructed by using    and    distributions calculated with              

(2.23-2.24) and readily known     distribution.   is reconstructed by using 

 

       (2.37) 

 

at each pixel inside the FOV. Since   is reconstructed by using the spatial 

derivatives of    and   , the name of the proposed image reconstruction method 

is chosen as  J-derivative algorithm.  

 

J-derivative algorithm can be expanded to anisotropic conductivity 

distributions ( ). Let us consider a   distribution as a tensor of four elements as  

 

   0
      

      
1. (2.38) 

 

By choosing        , the resistivity tensor ( ) can be expressed as 

 

   0
      

      
1      0

      

      
1
  

. (2.39) 

 

By using the Ohm’s Law, the relationship between   and     can be expressed 

as 

 

 [
  

  
]  0

      

      
1 [

  
  
]. (2.40) 

 

Substituting (2.40) in (2.35) results in 
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(               )  

  

  
(               )        . (2.41) 

 

Neglecting the spatial derivatives of  , (2.41) can be expressed as  

 

  
     

  
    .

    

  
 

     

  
/     

     

  
          , (2.42) 

 

where    ,    , and     are three unknown distributions. In order to reconstruct 

the unknown distributions, two equations are necessary in addition to (2.42). 

These additional equations should be linearly independent. For this 

requirement, three coils that have linearly independent      distributions are 

necessary. For an ICMREIT system including three linearly independent coil 

structures and the (   )   pixel inside FOV, an equation system can be obtained 

as 

 

 

 
     (   ) 

  
   (   )  .

     (   )

  
 

     (   )

  
/   (   )  

     (   )

  
   (   )         (   )

 
     (   ) 

  
   (   )  .

    (   )

  
 

     (   )

  
/   (   )  

     (   )

  
   (   )         (   )

 
     (   ) 

  
   (   )  .

     (   )

  
 

    (   )

  
/   (   )  

     (   )

  
   (   )         (   )

,

 (2.43) 

 

where the sub-indices   1,2,3 represent the distributions of three linearly 

independent coil structures. In matrix form, (2.43) can be expressed as 

 

 [   ]   
[     ]   

    [     ]   
. (2.44) 

 

   ,    , and     can be expressed as 

 

 



 

23 

 [   ]  

[
 
 
 
  

     (   ) 

  
.
     (   )

  
 

     (   )

  
/

     (   )
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 [     ]  ,   (   )    (   )    (   )- , (2.46) 

and 

 [     ]   ,    (   )     (   )     (   )- . (2.47) 

 

  and   are calculated by using (2.39) after the calculation of     as a result of 

the solution of (2.44) at each pixel inside the FOV. 

 

 

2.3 An MRI Pulse Sequence for the Experimental Realization of ICMREIT 

 

In recent experimental studies, feasibility of ICMREIT is investigated by 

using conventional spin-echo [53, 55] and gradient-echo [54] MRI pulse 

sequences. These pulse sequences include a single gradient pulse for inducing 

    in a volume conductor, which results in a small period of time (  ) for the 

accumulation of     in MR signal. Since     is directly related with    as 

expressed in (1.1), the MRI pulse sequences given in [53-55] are not capable of 

accumulating measurable     in MR signal as the authors express. In this 

study, it is aimed to design and implement an MRI pulse sequence for 

ICMREIT which includes multiple gradient and suitable 180
o
 refocusing RF 

pulses in order to accumulate measurable     in MR signal [63-65] as shown 

in Figure 2.2. 
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Figure 2.2 An MRI pulse sequence for the experimental realization of 

ICMREIT. SS, PE, and RO refer to slice selection, phase encoding and read-

out, respectively [64-65]. 

 

The MRI pulse sequence shown in Figure 2.2 aims to form a spin echo. 

At first, spins are selectively excited with a 90
o
 RF pulse which is followed by a 

periodic and monopolar gradient waveform (Gz) applied to the slice selection 
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(z) gradient coil of the MRI scanner after an interval of    [63-65]. In general, 

the periodic gradient waveform in Figure 2.2 can be applied to x, y, or                       

z-gradient coils separately or the waveform can be applied to x-y, y-z, x-z, and 

x-y-z, pairs together [63]. The magnitude of Gz waveform is determined by 

considering the slice thickness (ST). In order to prevent phase cancellation 

effects of the     pulses induced in the object during the ramps (  ) of Gz 

waveform, soft 180
o
 RF pulses are applied in the middle of the plateau (    ) of 

each gradient pulse and hard 180
o
 RF pulses are applied after the gradient 

pulses. Since the interval between the soft and the hard 180
o
 RF pulses (  ) is 

much smaller than the interval between the 90
o
 and the first 180

o
 RF pulse (  ), 

spin echoes are not formed during the interval of repetitive 180
o
 RF pulses (  ) 

[64-65]. Odd number of 180
o
 RF pulses is used in order to form a measurable 

spin echo after an interval of    following the last 180
o
 RF pulse [44, 63-65]. 

Echo signal is read-out at echo-time (  ) which can be expressed as 

 

          . (2.48) 

 

    accumulated during the Gz waveform can be expressed as 

 

     (        )            , (2.49) 

 

where        is the number of cycles of the gradient waveform, (        ) is 

the number of soft 180
o
 RF pulses including the refocusing RF pulse of the 

conventional spin-echo pulse sequence,          is the peak value of    , and 

        is the duration of     pulses in a single cycle of Gz waveform             

[64-65]. As shown in (2.49), sensitivity of     measurements increases as a 

function of        which results in increased    interval. Due to the refocusing 
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of spins by repetitive 180
o
 RF pulses, transverse relaxation during    is limited. 

However, increased    interval reduces the magnitude of MR signal and signal 

to noise ratio (SNR) due to the longitudinal relaxation effects, which may be a 

severe problem for in-vivo applications [65]. It could be concluded that there is 

a tradeoff between signal quality and sensitivity of     measurements.  

 

Total phase ( ) obtained as a result of the proposed pulse sequence is 

composed of the phase related with RF pulses (   ) and    . In order to 

measure    , the proposed pulse sequence is applied twice with Gz
+
 and Gz

-
 

waveforms which results in    and    distributions, respectively. In both 

applications, the same number of RF and gradient pulses is applied. Therefore, 

the contribution of     to    and    is the same. Similarly,     components 

of    and    have the same magnitude. However, the polarity of     

components of    and    is opposite of each other. Considering these 

facts,    and    can be expressed as 

 

            (2.50) 

and 

           . (2.51) 

 

Using (2.50-2.51),     and     can be calculated as 

 

     
      

 
 (2.52) 

and 

     
      

 
. (2.53) 
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2.4 Summary 

 

In this chapter, forward and inverse problems of ICMREIT are described 

by using Maxwell’s equations. Forward problem of ICMREIT is described as 

the calculation of     distribution throughout a volume conductor object due to 

the excitation of a nearby coil with time varying electrical current. A 3D 

geometry is considered for the description of the forward problem and the 

mathematical derivation is performed by using Ampere’s Law, A-V 

formulation, and temporal gauge, as shown in (2.1-2.6). In the end, a 

differential equation that relates  ̅̃ with the known distributions of the forward 

problem is obtained as shown in (2.7). In order to solve the differential equation 

shown in (2.7), it is proposed to use the magnetic insulation type boundary 

condition as shown in (2.8). By this way, a BVP is obtained as shown in            

(2.7-2.8) and this BVP is defined and solved in a FEM solver, COMSOL 

Multiphysics 5.1 (COMSOL AB, Sweden). After the solution of the BVP for  ̅̃, 

 ,   and     are calculated by using (2.3-2.6) and (2.9). 

 

   obtained as a result of the solution of the BVP shown in (2.7-2.8) 

represents the full magnetic flux density distribution which can be expressed as 

the summation of    and    as shown in (2.10). In order to extract    , two 

simulations are performed in which   distributions of the object is made equal 

to the true   value and zero. By subtracting z components of the resultant   

distributions obtained from the two simulations,     is extracted. In order to 

inspect the reliability of the numerical solution, a semi-analytical solution is 

derived for a simple cylindrical geometry as shown in (2.11-2.13). 

 

Inverse problem of ICMREIT is described as the reconstruction of   
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distributions of the object by using     measurements and readily known     

distribution. The inverse problem is derived by using Ampere’s and Faraday’s 

laws with the conservation of magnetic flux, and a vector identity as shown in 

(2.14-2.19). In order to solve the inverse problem, E-calculation and                          

J-derivative image reconstruction algorithms are proposed.  

 

E-calculation algorithm is based on the calculation of the angle between x 

and y components of      and  , as shown in (2.26). By using the angle and | | 

definitions with the z component of Faraday’s Law, a differential equation that 

relates | | with the measured and readily known distributions is obtained as 

shown in (2.31). The differential equation shown in (2.31) is discretized by 

using FDM and solved for | |. In the final step,   is reconstructed by using the 

Ohm’s Law as shown in (2.33). E-calculation algorithm does not use 

homogenous   distribution assumption (    ). Therefore, it will not suffer 

from boundary artifacts related with      assumption. E-calculation 

algorithm is based on the calculation of | | by utilizing the inverse of an 

, -       matrix which depends on the     measurements. The condition 

number of , -       may increase for small and noisy     measurements. For 

taking the inverse of , -       matrices with high condition numbers, 

regularization methods should be utilized instead of direct inversion.  

 

J-derivative algorithm expresses the relationship between the x and y 

components of      and   by using the Ohm’s Law and uses the z component of 

Faraday’s Law in order to obtain the relationship between   with the measured 

and readily known distributions as shown in (2.35). By using      

assumption, J-derivative algorithm proposes to reconstruct   with a simple 
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scalar equation shown in (2.36). In the final step,   is reconstructed by using 

the reciprocal of   at each pixel inside the FOV, as shown in (2.37). As shown 

in (2.38-2.47), J-derivative algorithm can be expanded to anisotropic   

reconstructions by using coil configurations with linearly independent     

distributions.      assumption of the J-derivative algorithm results in 

boundary artifacts around the inhomogeneities. However, the simple structure 

of the algorithm may provide robust response for small and noisy     

measurements. 

 

After the forward and inverse problems, an MRI pulse sequence is 

proposed for the experimental realization of ICMREIT, as shown in Figure 2.2. 

The proposed MRI pulse sequence is based on spin-echo and includes multiple 

SS gradient and 180
o
 RF pulses. By locating the gradient and 180

o
 RF pulses 

strategically,     is accumulated in MR images.     accumulation interval of 

the proposed MRI pulse sequence for ICMREIT is much greater than the 

recently proposed spin-echo based MRI pulse sequences for ICMREIT [53, 55], 

since it includes multiple SS gradient and 180
o
 RF pulses. Large     

accumulation interval can be considered as a distinctive property of the 

proposed MRI pulse sequence for ICMREIT. 
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CHAPTER 3 

 

 

METHODS 

 

 

 

3.1 Numerical Simulations 

 

Simulation models for z-gradient and y-gradient coils are created by using 

a FEM solver, COMSOL Multiphysics 5.1 (COMSOL AB, Sweden) and shown 

in Figure 3.1. The z-gradient coil shown in Figure 3.1 (a) is adapted from the 

model proposed by Tas [66] and composed of 24 infinitely thin circular coils 

with a diameter of 70 cm. Locations and excitation current polarities of the 

circular coils are listed in Table 3.1. The z-gradient coil shown in Figure 3.1 (a) 

is excited with sinusoidally varying electrical current which has a magnitude of 

87.6 A and a frequency ( ) of 1 kHz. Gradient strength (  ) of the z-gradient 

coil is 4.8 mT/m along the z-axis.   is determined by considering the gradient 

waveforms shown in Figure 3.2 and the slew rate (  ) of the utilized MRI 

scanner (MAGNETOM Trio, Siemens AG, Erlangen Germany).    can be 

expressed as 

 

    
  

  
 (3.1)



where    is the ramp time of a gradient pulse as shown in Figure 3.2 (a).  
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                                    (a)                                                                 (b) 

Figure 3.1 Simulation models for z-gradient (a) and y-gradient (b) coils around 

cylindrical conductors.  

 

At 1 kHz, the period ( ) of a sinusoidal gradient is 1 ms. If   is approximated 

with      as shown in Figure 3.2 (b),     250 μs is obtained. Considering the 

calculated    of 4.8 mT/m and     250 μs,    is calculated as 19.2 T/m/s 

which is smaller than the maximum    of 170 T/m/s for the utilized MRI 

scanner. 

 

The y-gradient coil shown in Figure 3.1 (b) is composed of four infinitely 

thin saddle coils, the centers of which are located at     20 cm     -20 cm 

planes. Height and length of each saddle coil are 30 cm and 20π cm, 

respectively. Direction of the excitation current of the y-gradient coil is CW and 

CCW for the saddle coils located in     0 and    0 regions.  
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Table 3.1 Locations and excitation current polarities of the components of the                     

z-gradient coil shown in Figure 3.1.  

Coil 

No 

Location 

on z axis 

(cm) 

Polarity of 

excitation 

current 

Coil 

No 

Location 

on z axis 

(cm) 

Polarity of 

excitation 

current 

Coil 

No 

Location 

on z axis 

(cm) 

Polarity of 

excitation 

current 

1 -52.8 CW 9 -.20.0 CW 17 22.5 CCW 

2 -41.7 CW 10 -16.7 CW 18 24.9 CCW 

3 -36.5 CW 11 -8.4 CCW 19 27.3 CCW 

4 -32.9 CW 12 -4.1 CCW 20 29.9 CCW 

5 -29.9 CW 13 4.1 CW 21 32.9 CCW 

6 -27.3 CW 14 8.4 CW 22 36.5 CCW 

7 -24.9 CW 15 16.7 CCW 23 41.7 CCW 

8 -22.5 CW 16 20.0 CCW 24 52.8 CCW 

Note: CW and CCW are referred to as clockwise and counter clockwise 

directions, respectively. Locations and excitation current polarities of the 

components of the z-gradient coil are adapted from the model proposed by Tas 

[66].  

 

 
Figure 3.2 Trapezoidal (a) and sinusoidal (b) gradient waveforms. 
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The y-gradient coil shown in Figure 3.1 (b) is excited with sinusoidally varying 

electrical current which has a magnitude of 716.6 A and a frequency of 1 kHz. 

   of the y-gradient coil along the y-axis is 4.8 mT/m.  

 

Phantom models used in simulations are shown in Figure 3.3. 

 

         

                         (a)                                       (b)                                     (c) 

Figure 3.3 Cylindrical phantoms with uniform (a) and inhomogenous (b-c)   

distributions.  

 

As shown in Figure 3.3, cylindrical phantom models are used in the 

simulations. Height and diameter of the cylinders are 10 cm and 19 cm, 

respectively. All of the phantoms have isotropic   and   distributions. As 

shown in Figure 3.3 (a), the first phantom, which is referred to as Phantom 1, is 

a uniform cylinder with a   value of 1 S/m. As shown in Figure 3.3 (b-c), 

cylindrical inhomogeneities with two different diameters are located inside the 

second and the third phantoms, respectively. Diameters of the large and the 

small inhomogeneities shown in Figure 3.3 (b-c) are 4.8 cm and 2 cm, 

respectively. Height of both inhomogeneities is 10 cm. The large and the small 

inhomogeneities are located at four different positions inside the second and the 

third phantoms, respectively. The second and the third phantoms including the 

large and the small inhomogeneities are referred to as Phantom 2a-d and 

phantom 
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Phantom 3a-d, respectively.    value of the phantoms is 78.4. Properties of the 

phantoms are listed in Table 3.2. 

 

Table 3.2 Properties of the simulation phantoms.  

Phantom 
     

(mm) 

         

(mm) 

   

(S/m)  

     

(S/m) 

1 - - 1 - 

2a 48 2.75 0.75 0.45 

2b 48 60.7 0.75 0.45 

2c 48 19.2 0.75 1.2 

2d 48 48.2 0.75 1.2 

3a 20 2.75 0.75 0.45 

3b 20 60.7 0.75 0.45 

3c 20 19.2 0.75 1.2 

3d 20 48.2 0.75 1.2 

Note:    ,        ,   , and     refer to diameter of the inhomogeneity, distance 

between the center of the phantom and the inhomogeneity,   value of the 

background and the inhomogeneity, respectively. 

 

Simulation models are created by using the gradient coils shown in Figure 

3.1 and the phantoms listed in Table 3.2. Phantoms are located between    0 

and    10 cm planes, as shown in Figure 3.1. Simulation data is obtained for 

the transverse slice located at    9 cm. FOV is 25×25 cm
2
 and divided into 

128×128 pixels.     values of the z-gradient coil change between                                   

0       0.48 mT for 0     10 cm which results in a    value of 4.8 

mT/m. On the selected slice,     values of the z-gradient coil are close to 0.43 

mT and     values of the y-gradient coil change between  

CCCCCCCCCCCCCCC                                  
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-0.456       0.456 mT, for -9.5     9.5 cm which results in a    value of 

4.8 mT/m.  

 

Z-gradient coil is used with all of the phantoms listed in Table 3.2.                   

Y-gradient coil is used with Phantom 1. Coil and phantoms are located in an air 

filled spherical domain with a diameter of 1.6 m and extended to infinite 

element domain with a pole distance of 2.77 m in order to prevent boundary 

reflections [58-59, 65]. During the simulations,   value of air filled domain 

cannot be made zero since the zero conductivity distributions result in singular 

computation matrices and non-convergent solutions. In this study,   value of air 

is taken as 0.001 S/m in order have convergent solutions [51]. The selected air 

conductivity value of 0.001 S/m does not affect the calculations, since it is 1000 

and 750 times smaller than the    values of the uniform and the inhomogeneous 

phantoms, respectively. Simulation models are meshed adaptively by using 

edge, triangular, and tetrahedral elements. Solution is obtained iteratively by 

using “Magnetic Fields” interface of the AC-DC module of COMSOL 5.1 

(COMSOL AB Sweden). Flexible generalized mean residual algorithm with a 

residual of 10
-2

 is utilized for the iterative solutions. Maximum and minimum 

element size values of the models are 30.4 cm and 2.4 mm, respectively. 

Number of elements (  ), number of iterations (  ) for the solutions to 

converge, and degrees of freedoms (DOF) solved for the simulation models are 

listed in Table 3.3. 

 

    and     distributions are obtained by solving the BVP shown in              

(2.7-2.8) and using (2.9) for simulation model 1 as shown in Table 3.3. 

Reliability of the numerical solution is investigated by comparing     

distributions obtained from the numerical simulations and the semi-analytical 

solution of the forward problem shown in (2.12).  
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Table 3.3 Parameters of the numerical simulation models.  

Model Coil Ph. 
   

   DOF 
                 

1 z 1 1161 1200 24202 43 285230 

2a z 2a 1238 1896 30921 49 363670 

2b z 2b 1248 2020 30566 43 359570 

2c z 2c 1254 2026 31979 42 376170 

2d z 2d 1250 1988 31584 43 371430 

3a z 3a 1254 2000 32400 49 381020 

3b z 3b 1263 2020 32918 43 387070 

3c z 3c 1263 2048 33071 49 388820 

3d z 3d 1256 1986 32501 44 382230 

4 y 1 325 1462 12940 20 100439 

Note:      ,     ,       refer to the number of edge, triangular, and tetrahedral 

elements, respectively. 

 

    distributions are reconstructed by using the calculated     distributions and 

(2.49). In     calculations,         20 and     600 µs are considered for the 

MRI pulse sequence proposed for ICMREIT shown in Figure 2.2.  

 

Scott et al. report SNR levels varying between 50-60 dB for injected 

current related MR phase measurements in MRCDI [20]. We consider these 

SNR values in our study and add Gaussian noise to the simulated     

distributions at SNR  50 dB and 60 dB.    and    distributions can be 

reconstructed by using the     distributions, (2.23-2.24) and (2.49) as 

 

    
 

  

    

  
 

 

  ,(        )    -

    

  
 (3.2) 

and 
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  ,(        )    -

    

  
. (3.3) 

 

White noise is amplified by the derivatives in (3.2-3.3). Therefore,     

distributions are filtered by using the method shown in Figure 3.4, the first step 

of which is to obtain the geometric information by using the reference   

distributions (    ) of the phantoms and an edge detection algorithm with 

Prewitt’s method [65, 67].     is calculated by using     and (2.49). A row and 

a column of     is chosen and second order curve fitting is applied between the 

edge points of the chosen     profiles. The choice of the curve fitting method 

can be explained by considering the semi-analytical solution of the forward 

problem, which is shown in (2.12) and that presents the linear relationship 

between     and  . Considering the azimuthal angle ( ) and (2.12),   ,   ,   

and   can be expressed as 

 

    |   |     
 

 
       |   |    , (3.4) 

 

    |   |     
 

 
       |   |    , (3.5) 

 

        , (3.6) 

and 

        . (3.7) 

 

Using (3.3, 3.5)  

 

        ∫       
 

 
    |   | ∫          (3.8) 

 

is obtained.  
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Figure 3.4 Denoising filter and image reconstruction process for ICMREIT 

[65].      represents the reconstructed conductivity image. 
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Substituting (3.6) in (3.8) results in 

 

      
 

 
     |   |  

    . (3.9) 

 

As shown in (3.9), horizontal     profiles have second order characteristics. 

The analysis shown in (3.4-3.9) can be applied for the vertical     profiles. Due 

to the quadratic relationship between     profiles and spatial coordinates as 

shown in (3.9),     profiles are fitted to a second order polynomial. The 

analysis shown in (3.4-3.9) is applicable for the z-gradient coil which has a 

relatively uniform     distribution in the selected xy slice to be imaged. On the 

other hand,     distribution of the y-gradient coil along y axis depends on y 

coordinates. Using this fact, (3.2), and (3.4), vertical     profiles of the                     

y-gradient coil can be obtained as 

 

        ∫      
 

 
      ∫         . (3.10) 

 

Substituting (3.7) in (3.10) results in 

 

      
 

 
             . (3.11) 

 

Considering (3.9, 3.11), horizontal (x) and vertical (y)     profiles of the                   

y-gradient coil are fitted to second order and third order polynomials, 

respectively. By filtering all of the rows and the columns of the     distribution, 

filtered     images in x (     ) and y directions (     ) are obtained.    and    

distributions are calculated by using (3.2-3.3) with       and       images. By 

using the calculated    and    distributions with J-derivative and E-Calculation 
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algorithms, presented in the previous chapter, |   | and      images are 

reconstructed. Conductivity reconstruction error (  ) is calculated by using 

 

    √
 

  
∑

, ( )      ( )- 

, ( )- 

  

          , (3.12) 

 

where   is the pixel index,    is the number of pixels inside FOV, σ and       

are the true and the reconstructed conductivity distributions, respectively [68]. 

By substituting true and reconstructed |   | distributions instead of σ and       

in (3.12), error of the reconstructed |   | distributions (  ) is calculated. 

 

 

3.2 Distinguishability and Sensitivity Analyses 

 

Distinguishability and sensitivity analyses are performed in order to 

investigate imaging characteristics of ICMREIT [51]. For the analyses, 

simulation data is obtained from the z-gradient coil model presented in Figure 

3.1 (a). Using the results obtained from the sensitivity and the distinguishability 

analyses, feasibility of ICMREIT is evaluated [51]. 

 

Predicting the outputs of electrical impedance imaging (EII) systems 

quantitatively is a useful tool for evaluating the feasibility of the methods. 

Isaacson proposes distinguishability analysis in order to demonstrate the ability 

of injected current EIT systems to expose the conductivity difference of an 

inhomogeneity from the background and utilizes the analysis to optimize the 

current injection pattern [52, 69]. Seagar et al. demonstrate the limitations of 

EII systems by using the concepts of spatial resolution, conductivity resolution, 

and conductivity contrast [70]. Eyüboglu et al. [71] and Köksal et al. [72] use 
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distinguishability analysis in order to optimize coil excitation patterns for 

discrete coil ICEIT systems. In [52, 71-72], it is expressed that two conductivity 

distributions,    and    are distinguishable with a measurement precision of   if 

and only if 

 

 ‖ (    )   (    )‖    (3.13) 

 

is satisfied. In (3.13),   is the surface electrical potential measured on the 

boundary of the conductors and   is the angular position of the measurement 

electrode. Using (3.13), distinguishability function ( ) [52, 70-71] is defined as 

 

   ‖ (    )   (    )‖. (3.14) 

 

In MREIT and ICMREIT, the measured quantity is the MR phase due to 

   created by the injected or the induced current distributions. Considering    

measurements, Altunel et al. describe   for MREIT [73] as 

 

   ‖  (      )    (      )‖, (3.15) 

 

where (   ) are the coordinates in cylindrical coordinate system. Definition of 

(3.14) can be used for ICMREIT since the measured quantities of both MREIT 

and ICMREIT are the same [51]. The cross sectional geometries of the 

cylindrical conductors used in this study are shown in Figure 3.5. In Figure 3.5, 

  and     are the radius of the conductors and the conductivity 

inhomogeneities,    is the difference between    and    . Using the definition 

in (3.14), it can be expressed that a pixel of    and    are distinguishable from 

the same pixel of    with a measurement precision of   if and only if 
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                 (a)                                      (b)                                      (c)  

Figure 3.5 Cross sectional geometries of the cylindrical conductors.   ,   , and 

   represent uniform (a) and inhomogeneous conductivity distributions with 

concentric (b) and eccentric (c) inhomogeneities [51]. 

 

 |   (   )|  |  (      )    (      )|                  (3.16) 

 

is satisfied [51]. In (3.15), | | is the absolute value function. Considering the 

inhomogeneities (  ) in Figure 3.5 (b-c) as 

 

    *(     ) (     )  (     )+, (3.17) 

 

where (     )          represent the Cartesian coordinates of the pixels 

inside the inhomogeneity, it can be expressed that 
 

 
        of the 

inhomogeneity is said to be distinguishable from the background if   pixels of 

the inhomogeneity satisfy (3.16). By this way,   can be described [51] as 

 

   
 

 
      .  (3.18) 

 

For an inhomogeneity with a cross sectional area of     and located at (   ), 

the surface average of (3.16) can be expressed as 
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 |   (   )|    
 

   
∫ |   (   )|   

  .  (3.19) 

 

If     approaches to the area of a single pixel, (3.19) can be used as sensitivity 

measure of ICMREIT to a conductivity perturbation located at (   ) [51].  

 

In this study, the z-gradient coil presented in Figure 3.1 (a) is utilized. 

Coil current is adjusted such that     value of the selected slice is 2 mT. The 

simulation objects have cylindrical shape with a diameter of 20 cm and a height 

of 10 cm [51]. In order to investigate sensitivity of ICMREIT, the center of a 

cylindrical conductivity inhomogeneity (   ) with a diameter of 1 cm and a 

height of 10 cm is located between 0     9 cm as shown in Figure 3.6.  

 

.

y

o x

coil

 

Figure 3.6 Cross sectional geometry of a z-gradient coil around a cylindrical 

conductor including a cylindrical inhomogeneity. A single component of the                   

z-gradient coil is shown [51]. 

 

In sensitivity and distinguishability analyses,    is 1 S/m.    is adjusted 

between -0.999      1 S/m. Sensitivity of ICMREIT is investigated by 

using (3.19). Distinguishability analysis is performed by using (3.18) and the 
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same    and    values used in sensitivity analyses. Height of   ,   ,    and the 

inhomogeneities is 10 cm. For   ,     is located at    4 cm.     is adjusted 

between 1       9 cm and 1       5 cm for    and   , respectively. 

Sadleir et al. state that noise level ( ) of    measurements in MREIT 

experiments at 3T can be decreased to 0.25 nT, for a voxel size of 3 × 3 × 3 

mm
3
 [74]. In this study,   is chosen as 1 nT considering the measurement noise 

information given in [74]. 

 

 

3.3 Physical Experiments 

 

 In physical experiments, a Plexiglas cylindrical phantom with a diameter 

of 19 cm and a height of 10 cm is used as shown in Figure 3.7.  

 

 

Figure 3.7 Top view of the experimental phantom used in ICMREIT 

experiments. 

 

The phantom in Figure 3.7 is filled with liquid solutions composed of copper-

sulfate (CuSO4) and sodium-chloride (NaCl) dissolved in distilled water. 

aaaaaaa 

 



 

46 

Cylindrical inhomogeneities in gel form and composed of Agarose, TX-151, 

CuSO4, NaCl, and distilled water are located inside the phantom filled with 

liquid solutions.  Diameter and height of the inhomogeneities are 4.8 cm and 10 

cm, respectively. Properties of the solutions and the inhomogeneities are listed 

in Table 3.4.   

 

Table 3.4 Properties of the solutions and the inhomogeneities.  

Material 
Distilled  

water (ml) 

Agarose
1
 

(g) 

TX-151
2
  

(g) 

CuSO4  

(g) 

NaCl  

(g) 

   

(S/m) 

Sltn. 1 100 - - 0.05 0.67 0.83 

Sltn. 2 100 - - 0.05 1.2 1.48 

Sltn. 3 100 - - 0.05 0.55 0.75 

Inh. 1 100 1 1 0.05 0.125 0.45 

Inh. 2 100 1 1 0.05 0.8 1.2 

Note: Sltn. and Inh. refer to the solution and the inhomogeneity. 

1
 Agar bacteriological (Agar No. 1) LP0011B, Oxoid Limited, Hampshire, 

RG248PW, UK. 

2
 TX 151 Solidifying powder, Balmar LLC, Lafayette, LA, 70507, USA. 

 

As shown in Table 3.4, phantoms filled with Sltn.1 and Sltn. 2 are referred to as 

Phantom 1a and Phantom 1b, respectively. Phantom 1a-b do not include the 

inhomogeneities. Inh. 1 and Inh. 2 are located at four different positions inside 

the phantom filled with Sltn 3. These phantoms are referred to as Phantom              

2a-2d. Properties of the experimental phantoms are listed in Table 3.5. 

 

The experimental phantoms are located inside the MRI scanner as shown 

in Figure 3.8. As shown in Figure 3.8, the gradient iso-center is located at 

  0.5 cm and the selected slice is at   9 cm.  
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Table 3.5 Properties of the experimental phantoms.  

Phantom Components 
        

(mm) 

   

(S/m) 

    

(S/m) 

1a Sltn. 1 - 0.83 - 

1b Sltn. 2 - 1.48  

2a Sltn. 3 + Inh.1 2.75 0.75 0.45 

2b Sltn. 3 + Inh.1 60.7 0.75 0.45 

2c Sltn. 3 + Inh.2 19.2 0.75 1.2 

2d Sltn. 3 + Inh.2 48.2 0.75 1.2 

 

x

y

z

Gradient

Isocenter
Slice

 

Figure 3.8 Location of the experimental phantoms inside the MRI scanner 

[65]. 

 

The MRI pulse sequence shown in Figure 2.2 is used for the experimental 

realization of ICMREIT. Properties of the MRI pulse sequence are summarized 

in Table 3.6.  MR magnitude,   , and    images are acquired by using the 

proposed pulse sequence twice with Gz
+
 and Gz

-
 waveforms.     is obtained by 

using (2.52) and the acquired     and    images. |   | and      images are 

reconstructed by using the procedure shown in Figure 3.4.  
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Table 3.6 Properties of the MRI pulse sequence proposed for ICMREIT [65]. 

   

(s) 
       

   

(µs) 

   

(mT/m) 

Image  

Slice 

ST 

(mm) 

FOV 

(cm×cm) 

Spatial 

Sampling 

(pix×pix) 

0.5 20 300 4.8 xy 5 25×25 128×128 

Note:   , ST, and xy represent the pulse repetition rate, slice thickness, and 

transverse slice, respectively. 

 

In the image reconstruction process, edge detection is performed by using the 

acquired MR magnitude images.    is calculated by using (3.12). 

 

 

3.4 Summary 

 

In this chapter, it is aimed to describe the simulation and experimental 

methods used in this thesis. At first, simulation models for z-gradient and                 

y-gradient coils around homogeneous and inhomogeneous phantoms with a 

cylindrical shape are described. It is stated that the spatial derivatives of the 

measured     distributions during the image reconstruction process will result 

in erroneous   reconstructions due to the amplification of the noise. In order to 

reduce the effect of noise in measured     distributions and reconstruct   

images with acceptable accuracy, a denoising filter based on edge detection and 

curve fitting is proposed as shown in Figure 3.4. Distinguishability and 

sensitivity analysis are described in order to evaluate the basic imaging 

characteristics of ICMREIT. Physical experiments are described by 

demonstrating the properties of the experimental set-up. At first, physical 

properties of the experimental phantoms are described. The location of the 

experimental phantoms, the gradient iso-center, and the image slice are shown 

aaaaa 
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in Figure 3.8 and the properties of the proposed MRI pulse sequence for 

ICMREIT are listed in Table 3.6 in order to visualize the experimental set-up.  
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CHAPTER 4 

 

 

RESULTS 

 

 

 

4.1 Simulation Results 

 

4.1.1 Simulation 1 

 

In this simulation, model 1, which includes the z-gradient coil with 

Phantom 1, is used. By utilizing this model, it is aimed to exhibit the imaging 

characteristics of ICMREIT for the z-gradient coil around a uniform conductor. 

    distribution and profile passing through the center of the selected slice are 

shown in Figure 4.1. As shown in Figure 4.1, characteristics of the horizontal 

    profile are similar to a quadratic function. Slope of the     profile 

increases towards the boundary of the phantom. Difference between the 

maximum and the minimum of     (    ) values is 12 mrad. 

 

|   | distributions obtained from the numerical and the semi-analytical 

solutions are shown in Figure 4.2. As shown in Figure 4.2, |   | distributions 

obtained from the numerical and the semi-analytical solutions are almost the 

same. Error between the two solutions is close to zero. 
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     (a)                                                           (b) 

Figure 4.1     distribution (a) and profile (b) of model 1. 

 

Due to the small error between the numerical and the semi-analytical solutions, 

|   | distributions obtained from the numerical solution of the forward problem 

are taken as true distributions in the rest of this chapter. It is observed that there 

is a linear relationship between |   | and  .  

 

Reconstructed |   | images and profiles of model 1 are shown in Figure 

4.3. As shown in Figure 4.3, reconstructed |   | values at SNR  60 dB and 

SNR  50 dB are close to the true |   | values.  

 

     images reconstructed with J-derivative and E-calculation algorithms 

are shown in Figure 4.4. As shown in Figure 4.4 (a, c, e),      values 

reconstructed with J-derivative algorithm are close to true   values. Deviations 

from the true   values are observed around the boundary of the selected slice. 

As shown in Figure 4.4 (b, d, f),      values reconstructed with E-calculation 

algorithm oscillate around the true   values. Magnitude of the oscillations 

increases towards the boundary and the center of the selected slice. 
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                         (a)                                                          (b) 

 
                         (c)                                                                      (d) 

Figure 4.2 |   | distributions obtained from the numerical (a) and the semi-

analytical (b) solutions of the forward problem for model 1, error between the 

numerical and the semi analytical solutions (c), and horizontal |   | profiles 

passing through the selected slice (d). 

 

    , maximum (max), and average (avg) values of the true |   | 

(|   |   
 and |   |   

) distribution,   , and    values of model 1 are listed in 

Table 4.1. 
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                         (a)                                                         (b) 

 
         (c) 

Figure 4.3 Reconstructed |   | images (a-b) and profiles (c) of model 1.  

 

Table 4.1     , |   |   
, |   |   

,   , and    values of model 1. 

     

(mrad) 

|   |   
  |   |   

  
   (%)      (%)       (%) 

SNR (dB) 

(mA/m
2
) 50  60  50  60  50  60  

12 130.4 39.3 17.3 16.9 13.2 11.5 30.3 21.0 

*     and      refer to the    values of J-derivative and E-calculation image 

reconstruction algorithms. 
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                                (a)                                                       (b) 

 
                                 (c)                                                       (d) 

 
                                        (e)                                                       (f) 

Figure 4.4      images of model 1 reconstructed with J-derivative (a, c, e) and                    

E-calculation (b, d, f) algorithms.  
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4.1.2 Simulation 2 

 

In this simulation, model 4, which includes the y-gradient coil with 

Phantom 1, is used. By utilizing this model, it is aimed to exhibit the imaging 

characteristics of ICMREIT for the y-gradient coil around a uniform conductor. 

    distribution and profile passing through the center of the selected slice are 

shown in Figure 4.5.  

 

  
      (a)                                                            (b) 

Figure 4.5     distribution (a) and profile (b) of model 4.  

 

As shown in Figure 4.5, characteristics of the vertical     profile are 

similar to a cubic function. Slope of the     profile increases towards the 

boundary and the center of the selected slice.      is 7.04 mrad.  

 

Reconstructed |   | images and profiles of model 4 are shown in              

Figure 4.6. As shown in Figure 4.6, reconstructed |   | distributions do not 

represent the exact characteristics of the true |   | distributions. The effect of 

noise is visible for the |   | distribution reconstructed at SNR  50 dB. 

Reconstruction error increases towards the boundaries. 
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                              (a)                                                        (b) 

 
  (c) 

Figure 4.6 Reconstructed |   | images (a-b) and profiles (c) of model 4.  

 

     images reconstructed with J-derivative algorithm are shown in 

Figure 4.7. As shown in Figure 4.7,      values oscillate around the true   

values. Very high      values are observed at y 0 line. Magnitude of 

oscillations increases towards the boundary and the center of the selected slice. 
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                               (a)                                                         (b) 

 
(c) 

Figure 4.7      images of model 4 reconstructed with J-derivative algorithm. 

 

    , |   |   
, |   |   

,   , and    values of model 4 are listed in Table 

4.2. 

 

Table 4.2     , |   |   
, |   |   

,   , and    values of model 4. 

     

(mrad) 

|   |   
  |   |   

  
   (%)    (%)  

SNR (dB) 

(mA/m
2
) 50 60 50 60 

7.04 89.3 20.3 410.9 379.2 36.7 30.4 
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4.1.3 Simulation 3 

 

In this simulation, model 2a-d, which include the z-gradient coil with 

Phantom 2a-d, are used. By utilizing these models, it is aimed to exhibit the 

imaging characteristics of ICMREIT for the z-gradient coil around 

inhomogeneous phantoms.     distributions and profiles passing through the 

center of the inhomogeneities are shown in Figure 4.8.  

 

As shown in Figure 4.8,     profiles have second order characteristics in 

the background and the inhomogeneities of the phantom, similar to the 

characteristics obtained for the uniform phantom.      values are close to 9 

mrad, which is 75 % of the      value obtained for the uniform phantom. As 

shown in Figure 4.8 (b, d, f, h), inhomogeneities are visible in the horizontal 

    profiles. Slope of     profiles decreases inside the resistive 

inhomogeneities and increases inside the conductive inhomogeneities as shown 

in Figure 4.8 (b, d) and Figure 4.8 (f, h), respectively. 

 

Reconstructed |   | images and profiles of model 2a-d are shown in 

Figure 4.9-4.10. As shown in Figure 4.9, the inhomogeneities are visible in 

reconstructed |   | distributions. As shown in Figure 4.10, reconstructed |   | 

values are close to the true |   | values. Sharp changes are observed at the 

boundary of the inhomogeneities. Reconstruction error increases inside the 

eccentric inhomogeneities and the small regions located between the boundary 

of the eccentric inhomogeneities and the selected slice. Slope of |   | profiles 

decreases inside the resistive inhomogeneities and increases inside the 

conductive inhomogeneities as shown in Figure 4.10 (a-b) and Figure 4.10             

(c-d), respectively. 
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                          (a)                                                               (b) 

 
                          (c)                                                               (d) 

  
                          (e)                                                               (f) 

Figure 4.8     distributions and profiles of models 2a (a-b), 2b (c-d), and              

2c (e-f).  
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                          (g)                                                               (h) 

 Figure 4.8 (Continued)     distributions and profiles of models 2d (g-h).  

 

 
                         (a)                                                           (b) 

Figure 4.9 Reconstructed |   | images for model 2a (a-b). 
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                         (c)                                                           (d) 

 
                         (e)                                                           (f) 

 
                         (g)                                                           (h) 

Figure 4.9 (Continued) Reconstructed |   | images for model 2b (c-d), 2c (e-f), 

and 2d (g-h). 
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                                     (a)                                                          (b) 

  
                                     (c)                                                          (d) 

Figure 4.10 Reconstructed |   | profiles for model 2a (a), 2b (b), 2c (c), and 2d 

(d). 

 

     images and profiles reconstructed with J-derivative algorithm are 

shown in Figure 4.11-4.12. As shown in Figure 4.11, inhomogeneities are 

visible in      images. As shown in Figure 4.12,      values are close to the 

true   values. Boundary artifacts are observed around the inhomogeneities. 

These artifacts are carried over the horizontal and vertical profiles passing 

through the boundary of the inhomogeneities.  

 

5 10 15 20
0

20

40

60

80

100

x (cm)

|J
L

F
| 
(m

A
/m

2
)

 

 

60 dB

50 dB

True

Edge

5 10 15 20
0

20

40

60

80

100

115

x (cm)

|J
L

F
| 
(m

A
/m

2
)

 

 

60 dB

50 dB

True

Edge

0 5 10 15 20 25

0

20

40

60

80

100

x (cm)

|J
L

F
| 
(A

/m
2
)

 

 

60 dB

50 dB

True

Edge

0 5 10 15 20 25
0

20

40

60

80

100

120

x (cm)

|J
L

F
| 
(A

/m
2
)

 

 

60 dB

50 dB

True

Edge



 

64 

                                
                         (a)                                                           (b) 

  
                         (c)                                                           (d) 

 
                         (e)                                                           (f) 

Figure 4.11      images reconstructed for model 2a (a-b), 2b (c-d), and 2c (e-f). 
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                         (g)                                                           (h) 

Figure 4.11 (Continued)      images reconstructed for model 2d (g-h). 

 

  
                                    (a)                                                               (b) 

  
                                    (c)                                                               (d) 

Figure 4.12      profiles reconstructed for model 2a (a), 2b (b), 2c (c), and 2d 

(d). 
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    , |   |   
, |   |   

,   , and    of model 2a-d are listed in Table 4.3. 

 

Table 4.3     , |   |   
, |   |   

,   , and    values of model 2a-d. 

Model 
     

(mrad) 

|   |   
  |   |   

 
   (%)      (%)      (%) 

SNR (dB) 

(mA/m
2
) 50  60  50  60  50  60  

2a 8.6 97.8 29.3 30.9 14.7 24.8 19.3 70.3 53.5 

2b 8.7 110.2 28.6 15.0 12.0 28.1 14.9 86.5 48.0 

2c 9.4 97.9 29.8 21.3 18.3 32.7 22.3 24.7 22.1 

2d 9.3 100.1 30.2 20.7 12.6 23.2 17.1 33.8 27.5 

*     and      refer to the global    values of the whole slice and the local    

values of the inhomogeneities, respectively. 

 

4.1.4 Simulation 4 

 

In this simulation, model 3a-d, which include the z-gradient coil with 

Phantom 3a-d, are used. By utilizing these models, it is aimed to exhibit the 

imaging characteristics of ICMREIT for the z-gradient coil around a conductor 

with small conductivity inhomogeneities.     distributions and profiles passing 

through the center of the inhomogeneities are shown in Figure 4.13. As shown 

in Figure 4.8 and Figure 4.13, characteristics of     distributions obtained for 

the phantoms including a small inhomogeneity are similar to the corresponding 

characteristics of the phantoms including a large inhomogeneity. 

Inhomogeneities are visible in the     profiles passing through the 

inhomogeneities.  
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                           (a)                                                              (b) 

  
                           (c)                                                              (d) 

  
                           (e)                                                              (f) 

Figure 4.13     distributions and profiles of model 3a (a-b), 3b (c-d), and 3c 

(e-f).  
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                           (g)                                                              (h) 

 Figure 4.13 (Continued)     distributions and profiles of model 3d (g-h).  

 

Reconstructed |   | images and profiles of model 3a-d are shown in 

Figure 4.14-4.15. As shown in Figure 4.14, visibility of eccentric 

inhomogeneities is greater than visibility of concentric inhomogeneities. As 

shown in Figure 4.15, background of the reconstructed and the true |   | 

distributions are close to each other. However, reconstruction error increases 

inside the eccentric inhomogeneities and the regions between the eccentric 

inhomogeneities and the boundary of the phantom. Slope of |   | profiles 

decreases inside the resistive inhomogeneities and increases inside the 

conductive inhomogeneities as shown in Figure 4.15 (a-b) and Figure 4.15              

(c-d), respectively. 

 

     images and profiles reconstructed with J-derivative algorithm are 

shown in Figure 4.16-4.17.  
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                        (a)                                                           (b) 

  
                         (c)                                                           (d) 

 
                              (e)                                                           (f) 

Figure 4.14 Reconstructed |   | images for model 3a (a-b), 3b (c-d), and 3c             

(e-f).  
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                              (e)                                                           (f) 

Figure 4.14 (Continued) Reconstructed |   | images for model 3d (g-h). 

 

  
                                      (a)                                                        (b) 

  
                                    (c)                                                          (d) 

Figure 4.15 Reconstructed |   | profiles for model 3a (a), 3b (b), 3c (c), and               

3d (d). 
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                          (a)                                                           (b) 

  
                          (c)                                                           (d) 

 
                          (e)                                                           (f) 

Figure 4.16      images reconstructed for model 3a (a-b), 3b (c-d), and 3c (e-f). 
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                           (g)                                                        (h) 

Figure 4.16 (Continued)      images reconstructed for model 3d (g-h). 

 

  
                                    (a)                                                          (b) 

  
                                    (c)                                                           (d) 

Figure 4.17      profiles reconstructed for model 3a (a), 3b (b), 3c (c), and 3d 

(d). 
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As shown in Figure 4.16, visibility of the inhomogeneities is low especially for 

     images reconstructed at SNR 50 dB. As shown in Figure 4.17,      

profiles are close to the true   profiles in the background of the phantom. As 

shown in Figure 4.17,      values exhibit the resistive and the conductive 

properties of the inhomogeneities, although deviations from the true   values 

are observed. Boundary artifacts are observed around the inhomogeneities 

which are carried over the horizontal and the vertical profiles passing through 

the boundary of the inhomogeneities. 

 

    , |   |   
, |   |   

,   , and    values of model 3a-d are 

summarized in Table 4.4. 

 

Table 4.4     , |   |   
, |   |   

,   , and    values of model 3a-d. 

Mod. 
     

(mrad) 

|   |   
  |   |   

 
   (%)      (%)      (%) 

SNR (dB) 

(mA/m
2
) 50  60  50  60  50  60  

3a 8.8 97.8 29.4 116.8 28.8 18.5 14.5 89.0 73.7 

3b 8.9 99.3 29.3 22.1 18.5 18.2 17.5 102.4 98.2 

3c 9.0 97.8 29.5 16.5 9.1 18.3 15.1 31.1 23.7 

3d 8.9 97.9 29.5 10.2 8.9 12.6 7.9 24.3 19.3 

 

 

4.2 Results of the Distinguishability and the Sensitivity Analyses 

 

As mentioned in Chapter 3, sensitivity analysis is performed by locating a 

small cylindrical inhomogeneity at different locations on x axis and adjusting 

the conductivity of the inhomogeneity. |   (   )|    as a function of     and 

   is shown in Figure 4.18.  
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Figure 4.18 |   (   )|    as a function of    and location of    . 

 

As shown in Figure 4.18, |   (   )|    increases as a function of the 

distance between the center of the conductor and    . |   (   )|    changes 

between  0.03   |   (   )|     0.71 nT and 0.03  |   (   )|    0.39 

nT for    -0.6 S/m and    0.6 S/m, respectively. It is observed that 

sensitivity of ICMREIT to central conductivity perturbations are smaller than 

sensitivity of ICMREIT to eccentric conductivity perturbations. The maximum 

and the minimum |   (   )|    values are obtained for      9 cm and            

     0 cm, respectively. The ratio between the minimum and the maximum 

|   (   )|    values (        ) are below 10 % for all    levels.          

values are obtained as 2.99 %, 3.91 %, 7.87 %, and 8.90 % for    -1, -0.6, 

0.6, and 1 S/m, respectively.  
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As shown in Figure 4.18, sensitivity of ICMREIT to resistive (    ) 

perturbations is greater than the sensitivity of ICMREIT to conductive (    ) 

perturbations. |   (   )|    changes between  0.04   |   (   )|     1 nT 

and 0.03  |   (   )|    0.49 nT for     0.8 S/m and    0.8 S/m, 

respectively. 

 

After the sensitivity analysis, distinguishability analysis is performed. 

Distinguishability of ICMREIT measurements as a function of    ve     are 

shown in Figure 4.19-4.20. As shown in Figure 4.19 (a),   values obtained for 

the resistive and the conductive inhomogeneities are at the same level.   values 

change as a function of    and    . For |  |  0.4 S/m and     5 cm,   is 

greater than 60 %. For |  |  0.6 S/m and     6 cm,   is greater than 80 %. 

For |  |   0.2 S/m and      4 cm,   is smaller than 20 %. As shown in 

Figure 4.19 (b), variation of   is symmetric around    0 S/m. It is observed 

that the concentric inhomogeneity is invisible between -0.5    0.5 S/m and                            

-0.2    0.2 S/m for     2 cm and     3 cm, respectively. The variation 

of   in Figure 4.19 shows that distinguishability of a concentric inhomogeneity 

increases as    and     increase.  

 

As shown in Figure 4.20 (a),   values obtained for the resistive eccentric 

inhomogeneities are greater than the   values obtained for the conductive 

eccentric inhomogeneities.   values are between 7.64   87.95 % and                                  

32.48   90.33 % for   =0.4 S/m and   =-0.4 S/m, respectively. It is also 

observed that   values obtained for the eccentric inhomogeneities are greater 

than the   values obtained for the concentric inhomogeneities. As shown in 

Figure 4.20 (b), the eccentric inhomogeneity is invisible between                               

-0.2    0.3 S/m and -0.1    0.1 S/m for     1 cm and     2 cm, 

respectively.  
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(a) 

 

(b) 

Figure 4.19 Variation of   as a function of     and    for a conductor 

including a concentric inhomogeneity (  ). 
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(a) 

 
(b) 

Figure 4.20 Variation of   as a function of   and    for a conductor including 

an eccentric inhomogeneity (  ). 

 

As shown in Figure 4.20 (b),   values increase as a function of    .   is     
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non-zero for     2 cm.   is between 39.75   93.15 % and                       

57.8    94.76 % for    =4 cm and    =5 cm, respectively. 

 

 

4.3 Experimental Results  

 

4.3.1 Experiment 1 

 

In this experiment, Phantoms 1a-b, which include saline solutions of 0.75 

S/m and 1.48 S/m, are used. It is aimed to exhibit the experimental performance 

of ICMREIT for uniform phantoms. MR magnitude images and profiles passing 

through the center of the selected slice and the center profile of the k-space 

magnitude images are shown in Figure 4.21.  

 

As shown in Figure 4.21 (a-c), MR magnitude values of Phantom 1a and 

Phantom 1b are close to 0.17 and 0.02 arbitrary units (a.u.), respectively. Ring 

patterns are observed for the MR magnitude image of Phantom 1b. As shown in 

Figure 4.21 (d), k-space magnitude images are concentrated in low frequency 

region and have maximum values of 0.048 and 0.0056 a.u. for Phantoms 1a and 

1b, respectively. It is observed that MR and k-space magnitude values of 

Phantom 1b are a single order of magnitude smaller than the corresponding 

values of Phantom 1a. 

 

    distributions and profiles acquired for Phantom 1a-b are shown in 

Figure 4.22. As shown in Figure 4.22 (a-c), characteristics of the     

distribution obtained for Phantom 1a are similar to the corresponding 

characteristics obtained for simulation model 1, which is composed of a z-

gradient coil around a uniform conductor. 
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                          (a)                                                           (b) 

  
                                    (c)                                                            (d) 

Figure 4.21 MR magnitude images (a-b) and profiles (c) passing through the 

center of the selected slice and the center profile of the k-space magnitude 

images (d).  

 

As shown in Figure 4.22 (a, c), slope of     profile increases towards the 

boundary of the phantom.      of Phantom 1a is observed as 65 and 137 mrad 

on the left and right parts of the     profile. As shown in Figure 4.22 (b, c), 

characteristics of the     distribution obtained for Phantom 1b are noisy. Ring 

patterns are observed in     distribution, similar to the MR magnitude image 

shown in Figure 4.21 (b). 
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                              (a)                                                          (b) 

 
(c) 

Figure 4.22     distributions (a-b) and profiles (c) acquired for Phantom 1a-b. 

 

By using the measured     distribution for Phantom 1a and J-derivative 

image reconstruction algorithm, |   | and      images are reconstructed as 

shown in Figure 4.23. As shown in Figure 4.2 and Figure 4.23 (a, c), 

characteristics of the reconstructed |   | image for Phantom 1a are similar to 

the corresponding characteristics obtained for simulation model 1. As shown in 

Figure 4.23 (c), |   | changes between 50 and 300 mA/m
2
 as a function of  .  
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                              (a)                                                         (b) 

  
                                    (c)                                                         (d) 

Figure 4.23 |   | (a, c) and      (b, d) images and profiles reconstructed for 

Phantom 1a. 

 

As shown in Figure 4.23 (b, d),       values are close to the true   value of 0.83 

S/m. Deviations from the true   values are observed around the boundary of the 

selected slice. 

 

     , |   |   
, |   |   

, and    values of Phantom 1a are summarized 

in Table 4.5. 
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Table 4.5     , |   |   
, |   |   

, and    values of Phantom 1a. 

     

(mrad) 

|   |   
 |   |   

 
   (%) 

(mA/m
2
) 

65 422.9 73.8 32.3 

 

4.3.2 Experiment 2 

 

In this experiment, Phantom 2a-d, which include saline solutions of 0.75 

S/m and cylindrical inhomogeneities in gel form and composed of Agarose, 

TX-151, CuSO4, NaCl, and distilled water are used. It is aimed to exhibit the 

experimental performance of ICMREIT for inhomogeneous phantoms [65]. MR 

magnitude images acquired for Phantom 2a-d are shown in Figure 4.24.  

 

As shown in Figure 4.24, geometrical structure of the phantoms and the 

inhomogeneities are visible in MR magnitude images. MR magnitude values of 

the background and the inhomogeneities are 0.06 and 0.12 a.u., respectively. 

 

    distributions and profiles acquired for Phantom 2a-d are shown in 

Figure 4.25. As shown in Figure 4.25, the inhomogeneities are visible in 

measured     distributions. As shown in Figure 4.25 (b, d), slope of     

profiles decreases inside the resistive inhomogeneities. On the other hand, slope 

of     profiles increases inside the conductive inhomogeneities, as shown in 

Figure 4.25 (f, h). It is also observed that     measurements are noisy at the 

boundary of inhomogeneities. 
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                              (a)                                                         (b) 

  
                              (c)                                                         (d) 

Figure 4.24 MR magnitude images acquired for Phantom 2a-d. 

 

 

                        (a)                                                                 (b) 

Figure 4.25     distributions and profiles acquired for Phantom 2a. 
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                        (c)                                                                 (d) 

  
                        (e)                                                                 (f) 

 

                        (g)                                                                 (h) 

Figure 4.25 (Continued)     distributions and profiles acquired for Phantom 

2b-d. 
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|   | images and profiles reconstructed for Phantom 2a-d are shown in 

Figure 4.26.  

 

  

                       (a)                                                                     (b) 

  

                       (c)                                                                     (d) 

Figure 4.26 |   | distributions and profiles reconstructed for Phantom 2a-b. 
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                       (e)                                                                     (f) 

  

                                 (g)                                                         (h) 

Figure 4.26 (Continued) |   | distributions and profiles reconstructed for 

Phantom 2c-d. 

 

As shown in Figure 4.26, the inhomogeneities are visible in reconstructed 

|   | distributions. Sharp changes are observed at the boundary of the 

inhomogeneities and in the small regions located between the eccentric 

inhomogeneities and the phantoms. Slope of |   | profiles decreases inside the 

resistive inhomogeneities and increases inside the conductive inhomogeneities 
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as shown in Figure 4.26 (a-b) and Figure 4.26 (c-d), respectively. 

 

     images and profiles reconstructed for Phantom 2a-d are shown in 

Figure 4.27.  

 

  

                        (a)                                                                   (b) 

  

                        (c)                                                                   (d) 

Figure 4.27      distributions and profiles reconstructed for Phantom 2a-b. 
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                        (e)                                                                   (f) 

  

                        (g)                                                                   (h) 

Figure 4.27 (Continued)      distributions and profiles reconstructed for 

Phantom 2c-d. 

 

As shown in Figure 4.27,      images and profiles exhibit the resistive and the 

conductive properties of the inhomogeneities. Artifacts are observed at the 

boundary of the inhomogeneities and in the small regions located between the 

eccentric inhomogeneities and the phantoms. 
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    , |   |   
, |   |   

, average of      distributions (        ) in the 

background and inhomogeneities, conductivity contrast ratio between the 

inhomogeneities and the background (      ) and    values of Phantoms 2a-d 

are listed in Table 4.6 

 

Table 4.6     , |   |   
, |   |   

,         ,       , and    values of Phantom 

2a-d. 

Ph 
     

(mrad) 

|   |   
 |   |   

 
         

(S/m)        
  (%) 

(mA/m
2
) bg ih bg ih 

2a 57 909.3 62.8 0.7 0.5 0.7 25.5 41.3 

2b 40 600.0 95.8 0.8 0.6 0.7 27.6 66.1 

2c 70 624.8 29.3 0.5 0.9 2.0 64.4 43.3 

2d 80 455.2 53.3 0.5 1.2 2.5 39.9 42.5 
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CHAPTER 5 

 

 

DISCUSSION 

 

 

 

5.1 Simulation and Experimental Results  

 

5.1.1 Simulation 1 

 

Simulation results in Figure 4.2-4.3 show that there is a linear relationship 

between   and |   | which is consistent with (2.12). The linear relationship 

between   and |   | results in quadratic characteristics between   and     as 

shown in Figure 4.1 and expressed in (3.4-3.11). Simulation results in Figure 

4.1 show that fitting quadratic polynomials to the measured     profiles during 

the image reconstruction process is a reasonable approach. Due to the quadratic 

characteristics of    , slope of     profiles increase as a function of   which 

results in increased sensitivity of ICMREIT measurements to conductivity 

perturbations located at the periphery of the phantom compared to the central 

perturbations. It is also observed that      value of 12 mrad for model 1 is 

very small and may be close to the phase measurement noise level of clinical 

MRI scanners. 

 

As shown in Figure 4.2, error between the |   | distributions obtained 

aaaa 
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from the numerical and the semi-analytical solutions is negligible which shows 

the reliability of the numerical solution method for ICMREIT. It is reasonable 

to take the |   | distribution obtained from the numerical solution as the true 

distribution. As shown in Figure 4.3, reconstructed |   | images at SNR=60 dB 

and SNR=50 dB are close to the true |   | distribution and    is close to 17 % at 

both noise levels as shown in Table 4.1. |   | reconstructions are not affected 

from the noise. It is observed that the reconstruction of    and    by using only 

    and neglecting x and y components of    (    and    ) results in accurate 

|   | distributions for simulation model 1, which is composed of a z-gradient 

coil around a uniform conductor. Due to the circularly symmetric structure of 

simulation model 1, spatial derivatives of     and     (        and        ) 

are negligible which results in accurate    and    reconstructions by means of 

(3.2-3.3). 

 

As shown in Figure 4.4,      images of simulation model 1 exhibit the 

electrical conductivity properties of Phantom 1. As shown in Figure 4.4 (a, c),  

     images reconstructed with J-derivative algorithm are close to the true   

values and    values are at low levels. It is observed that the effect of noise is 

suppressed by the filter shown in Figure 3.4. The reconstructions are not 

affected from the neglected       and       terms during the derivation of J-

derivative algorithm, since Phantom 1 is uniform. In addition, accurate    and 

   reconstructions improve the performance of J-derivative algorithm. As 

shown in Figure 4.4 (b, d),       images reconstructed with E-calculation 

algorithm oscillate around the true   values. Magnitude of oscillations increases 

towards the center of the selected slice due to small    and    values in this 

region.      images are affected from noise and     values of E-calculation 

aaaaa 
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algorithm are almost two times greater than the    values of  J-derivative 

algorithm, as shown in Table 4.1. It is clear that the performance of J-derivative 

algorithm is superior to the performance of E-calculation algorithm. This 

observation is resulted from the condition number of 588 for matrix , -      

of E-calculation algorithm. The performance of E-calculation algorithm can be 

increased by applying regularization methods for calculating the inverse of 

, -     . 

 

5.1.2 Simulation 2 

 

As shown in Figure 4.5-4.6, vertical |   | and     profiles of simulation 

model 4, which includes the y-gradient coil around a uniform phantom, have 

quadratic and cubic characteristics since the     distribution of y-gradient coil 

is linearly related with y coordinates. These observations are consistent with 

(3.11) and show that fitting cubic polynomials to the vertical     profiles during 

the image reconstruction process is a reasonable approach. Due to the cubic 

characteristics of vertical     profiles, |   | values increase towards the center 

of the selected slice.      value of simulation model 4 is 1.7 times smaller than 

the corresponding value of simulation model 1. This observation is resulted 

from the     distribution of the y-gradient coil with non-uniform polarity. Due 

to the Faraday’s Law of electromagnetic induction,     is related with       

  . Therefore, a     distribution with non-uniform polarity induces     vectors 

rotating in opposite polarities which result in reduced     and     distributions. 

It can be concluded that the use of a coil with uniform     polarity throughout 

the object to be imaged is advantageous for ICMREIT. From this perspective, it 

is clear that the use of the z-gradient coil for ICMREIT is more proper than the 

use of the y-gradient coil. 
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As shown in Figure 4.6, reconstructed |   | images of model 4 exhibit the 

characteristics of the true |   | distribution, in general. However, error between 

the reconstructed and the true |   | distributions is large.    is close to 400 %. 

The main source of the error between the reconstructed and the true |   | 

distributions is the neglected     and     distributions of the y-gradient coil 

during the reconstruction of    and    distributions. Since the simulation 

geometry is not circularly symmetric, the contribution of     and     to     is 

not negligible. The effect of noise is visible at   0 line, on which     values 

are close to zero. As shown in Figure 4.7, quality of      images of model 4 is 

very low. An artifact is observed at   0.      values oscillate around the true 

  values. As shown in Table 4.1-4.2,    values of model 4 calculated at 

SNR=60 dB and SNR=50 dB are 2.64 and 2.77 times greater than the 

corresponding values of model 1. Erroneous reconstruction of    and    

distributions is the main reason of the low quality of      images. 

 

J-derivative image reconstruction algorithm is capable of reconstructing 

anisotropic conductivity distributions as shown in (2.38-2.47). In order to 

reconstruct a   distribution of two elements (i.e.     and    ), two coils with 

linearly independent     distributions are necessary. The use of z and y 

gradient coils, which are readily available in MRI scanners, is an alternative for 

the realization of anisotropic conductivity reconstruction in ICMREIT. 

Simulation results shown in Figure 4.4 and Figure 4.7 show that      images 

reconstructed for the z-gradient coil are promising, whereas      images 

reconstructed for the y-gradient coil are insufficient. In order to realize 

anisotropic conductivity reconstruction with z and y-gradient coils of MRI 

scanners,     distributions of y-gradient coils should be reconstructed with 

better accuracy. 
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5.1.3 Simulation 3 

 

As shown in Figure 4.8 and Figure 4.10, horizontal |   | and     profiles 

of simulation model 2a-d, which include the z-gradient coil with 

inhomogeneous phantoms, have linear and quadratic characteristics in the 

background and the inhomogeneities of the phantoms. Therefore, it can be 

concluded that fitting quadratic polynomials to the     profiles of 

inhomogeneous phantoms between the edge points of the background and the 

inhomogeneities is a reasonable approach. |   | changes as a function of    

inside the inhomogeneities which affects the slope of     profiles. The slope of 

    profiles increases in the conductive inhomogeneities, whereas     slope 

decreases in the resistive inhomogeneities.      values are close to 9 mrad, 

which is 75 % of the corresponding value of model 1. The ratio between the 

     values of model 2a-d and model 1 is equal to the ratio between the 

background   values which shows that     is linearly related with  . 

 

As shown in Figure 4.9-4.10, reconstructed |   | images of model 2a-d 

are close to the true |   | distribution which exhibits the success of      

reconstruction for the z-gradient coil with inhomogeneous phantoms. Error 

between the reconstructed and the true |   | values increases at the boundary of 

the inhomogeneities and in the small region located between the boundary of 

the eccentric inhomogeneities and the phantoms. Error of the reconstructed 

|   | images at the boundary of the inhomogeneities is resulted from the sharp 

changes in |   | values due to    between the inhomogeneities and the 

background. The source of the error in the small region located between the 

boundary of the eccentric inhomogeneities and the phantoms is insufficient  
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modeling of     profiles in these regions. The fitted polynomials in these small 

regions do not represent the exact characteristics of true     profiles. As shown 

in Table 4.1 and Table 4.3,    values of model 2 increase as SNR of     

measurements decrease, different from relatively constant characteristics of the 

corresponding values calculated for model 1. Noise dependent characteristics of 

the reconstructed |   | images of model 2a-d are due to the decreased 

sensitivity of     measurements of model 2a-d, compared to the     

measurements of model 1. Simulation results show that |   | images exhibit the 

electrical conductivity properties of the phantoms. Therefore, |   | images can 

be utilized as the output of an imaging method entitled as induced current 

magnetic resonance current density imaging (ICMRCDI) [75]. 

 

As shown in Figure 4.11-4.12,      images of simulation model 2a-d 

exhibit the electrical conductivity properties of Phantom 2a-d. Resistive and 

conductive inhomogeneities can be distinguished from the background of      

images and      values are close to the true   values in the background and the 

inhomogeneities of the phantoms. In      images, artifacts are observed around 

the inhomogeneities and in the small regions located between the boundary of 

the eccentric inhomogeneities and the phantoms. These artifacts due to the error 

in     reconstructions and neglected       and       terms during the 

derivation of the J-derivative algorithm are carried over the horizontal and the 

vertical profiles passing through the inhomogeneities due to the curve fitting 

operation. Similar to the    values,      and      values of model 2 increase as 

SNR of     measurements decreases as shown in Table 4.3.      values of 

model 2 are greater than    of model 1, due to the decreased sensitivity of     

measurements for model 2. It is also observed that      values are greater than 
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     values due to the smaller range of     measurements inside the 

inhomogeneities compared to the background. 

 

5.1.4. Simulation 4 

 

As shown in Figure 4.13-4.17, characteristics of    , |   |, and      

distributions of model 3a-d, which are composed of the z-gradient coil with 

phantoms including small inhomogeneities, are similar to the corresponding 

characteristics of model 2a-d. As shown in Figure 4.15, the error between the 

reconstructed and the true |   | values increases inside the inhomogeneities and 

the small regions located between the boundary of the inhomogeneities and the 

phantoms. In these regions, |   | reconstruction error is due to the insufficiency 

of curve fitting operation and increased noise effects due to the reduced 

sensitivity of     measurements in small cylindrical inhomogeneities with a 

diameter of 2 cm. It is also observed that |   | reconstruction error in concentric 

inhomogeneities is greater than the corresponding error in eccentric 

inhomogeneities due to the position dependent sensitivity of     

measurements.  

 

As shown in Figure 4.16-4.17, visibility of the inhomogeneities is low in 

     images of model 3a-d, compared to the      images of model 2a-d, due to 

the small size of the inhomogeneities. The noise affects the visibility of the 

inhomogeneities. As shown in Table 4.4,      and      increase as SNR of 

    measurements decreases. It is very difficult to distinguish the 

inhomogeneities from the background for the      images reconstructed at 

SNR=50 dB. It is also observed that the visibility of eccentric inhomogeneities 

is greater than the visibility of concentric inhomogeneities due to the position 
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dependent sensitivity of     measurements. Smaller      values of eccentric 

inhomogeneities compared to the      values of the concentric inhomogeneities 

verify this observation.      images of model 3a-d also show that imaging small 

inhomogeneities with ICMREIT is very difficult since spatial resolution is 

decreased due to the presence of the smoothing filter in the image 

reconstruction process. 

 

5.1.5 Results of the sensitivity and the distinguishability analyses 

 

The results of the analysis in Figure 4.18 show that sensitivity of 

ICMREIT to central conductivity perturbations is smaller than sensitivity of 

ICMREIT to eccentric conductivity perturbations. This observation is resulted 

from the linear relationship between     and   as expressed in (2.12). For 

central inhomogeneities, |   | is small due to small   values of the locations 

inside the inhomogeneities. Low sensitivity of ICMREIT to central conductivity 

perturbations is a major disadvantage of ICMREIT. Simulation results show 

that resistive inhomogeneities focus     in regions between the boundary of the 

inhomogeneity and the conductor. Large |   | values near the boundary of the 

resistive inhomogeneities increase the sensitivity of ICMREIT measurements. 

As a result, sensitivity of ICMREIT measurements to resistive (    ) 

perturbations is greater than the sensitivity of ICMREIT measurements to 

conductive (    ) perturbations. 

 

The results of the analysis in Figure 4.19 show that distinguishability of a 

concentric inhomogeneity increases as     and    of the inhomogeneity 

increase. This observation is resulted from the increasing characteristics of |   | 
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with  . As the size of a concentric inhomogeneity increases, the average value 

of |   | and the resultant |   (   )|    value of the inhomogeneity increase. 

Due to the linear relationship between |   | and  , it is very difficult to image 

small concentric inhomogeneities. It is also observed that distinguishability of a 

concentric inhomogeneity is the same for resistive and conductive cases due to 

the circularly symmetric structure of the conductor and the inhomogeneities 

with respect to the z-gradient coil. 

 

The results of the analysis in Figure 4.20 show that distinguishability of 

the resistive eccentric inhomogeneities is greater than the distinguishability of 

conductive eccentric inhomogeneities. This observation is resulted from the     

focusing properties of resistive eccentric inhomogeneities in small regions 

located between the boundary of the conductor and the inhomogeneities. Large 

|   | values near the inhomogeneity generate large |   (   )|    values inside 

the inhomogeneity which increase the distinguishability. It is also observed that 

distinguishability of eccentric inhomogeneities is greater than distinguishability 

of concentric inhomogeneities, which is resulted from the linear relationship 

between |   | and  . 

 

5.1.6 Experiment 1 

 

The first experiment is performed by using Phantom 1a and Phantom 1b, 

which have uniform   distributions of 0.83 S/m and 1.48 S/m. As shown in 

Figure 4.23, MR and k-space magnitude values of Phantom 1a are a single 

order of magnitude greater than the corresponding values of Phantom 1b. It is 

also observed that MR magnitude image of Phantom 1b has ring patterns.  
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Reduced signal strength of Phantom 1b may be resulted from the excessive     

created due to the high   value of the phantom. In MRI,    field, which is 

focused on x and y directions, induces RF eddy current (   ) in yz and xz slices 

of the object to be imaged.    , which is the source of    , can be evaluated by 

considering the cylindrical geometry shown in Figure 5.1.  

 

B

E

dl

dS

 

Figure 5.1 A cylindrical object and a   distribution focused on x direction. Half 

of the cylinder is not shown for visualization.    and    are differential line and 

surface elements. Blue line shows the line integration path. 

 

The relationship between   and   in Figure 5.1 can be expressed by using the 

Faraday’s Law as 

 

 ∮  (     )    ̅
 

  ∫    (     ) ̂      
. (5.1) 

 

Using (5.1), L2 norm of   (| |) can be expressed as 
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 | |   | |
   

(    )
, (5.2) 

 

where   and   are the radius and the height of the cylinder, and | | is L2 norm 

of  , respectively. Using the Ohm’s Law, L2 norm of     (|   |) can be 

expressed as 

 

 |   |  √       | |   | |√          

(    )
 , (5.3) 

 

where √        is the complex conductivity of the cylinder. As shown in 

Figure (5.3), |   | increases as a function of  ,   and  . Therefore, imaging a 

phantom with large  ,   and   values by using the proposed MRI pulse 

sequence for ICMREIT may create excessive     which reduce the signal 

strength and SNR since excessively phased spins get out of the k-space 

sampling window. It can be concluded that the realization of ICMREIT with the 

proposed MRI pulse sequence is not possible for phantoms with large  ,   and 

  values. 

 

    distribution of Phantom 1b is not taken into consideration since  the 

signal strength of this phantom is at a low level. On the other hand, 

characteristics of the     distribution of Phantom 1a are similar to the 

characteristics of      distribution of simulation model 1 as shown in Figure 

4.1 and Figure 4.22. Measured      value is 5.42 times greater than the 

corresponding value of simulation model 1. |   | and      images reconstructed 

with the measured     distribution exhibit the electrical conductivity properties 

of Phantom 1a as shown in Figure 4.23. Reconstructed |   | image is linearly 

related with   and      image is close to the true   distribution.  
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5.1.7 Experiment 2 

 

In physical experiments, inhomogeneous phantoms are also investigated 

as shown in Figure 4.24-4.27. As shown in Figure 4.24, cross sectional 

geometries of Phantom 2a-d are observed in MR magnitude images. MR 

magnitude images do not include ring artifacts which show the reliability of the 

proposed MRI pulse sequence for imaging the electrical conductivity properties 

of Phantom 2a-d. As shown in Figure 4.25, the inhomogeneities are visible in 

measured     distributions. Slope of     profiles changes in accordance with 

the   values of the background and the inhomogeneities.     profiles have 

noisy behaviour especially in the regions close to the boundary of the 

inhomogeneities. Due to the noisy characteristics of the measured     profiles, 

application of the curve fitting method can be considered as a reasonable 

approach.  

 

Reconstructed |   | and      images shown in Figure 4.26-4.27 exhibit 

the electrical conductivity properties of Phantom 2a-d. Linear dependence of 

|   | with   is observed in the background of the reconstructed |   | images as 

shown in Figure 4.26. The slope of |   | profiles changes in accordance with 

the   values of the background and the inhomogeneities. It can be concluded 

that the characteristics of the measured and the simulated |   | images are 

similar. Sharp changes in |   | values are observed at the boundary of the 

inhomogeneities and reconstruction quality is low in the region located between 

the eccentric inhomogeneities and phantoms. Low reconstruction quality is 

resulted from the neglected     and     distributions during the reconstruction 

process and insufficiency of the fitted polynomials in small regions. As shown 

in Figure 4.27,      images are rough estimates of the true   distributions of 
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Phantom 2a-d.          and        values listed in Table 4.6 exhibit the 

resistive and the conductive properties of the inhomogeneities with respect to 

the background. Artifacts are observed at the boundary of the inhomogeneities 

due to the neglected       and       terms during the derivation of the J-

derivative algorithm. Error of    and    distributions due to the neglected     

and     distributions also reduces the reconstruction quality in the regions 

located between the boundary of the eccentric inhomogeneities and the 

phantoms.    values listed in Table 4.6 are close to the simulated    values 

which show that the proposed method provides reasonable results in general. 

Simulation and experimental results show that implementation of J-derivative 

algorithm has drawbacks related with the calculation of     by using only   

component of   , neglecting spatial derivatives of  , and application of the 

smoothing filter. In order to overcome the drawbacks of the proposed current 

density ( ) based image reconstruction method,   based algorithms may be 

used. The well-known MREIT sensitivity algorithm [25] can be utilized for this 

purpose [76]. 

 

Simulation and experimental results show that the concept of ICMREIT is 

realized for simple phantoms including a single inhomogeneity by using the 

readily available z-gradient coil of a clinical MRI scanner without the 

utilization of an external hardware. It is observed that sensitivity of the method 

is low and the measurements are prone to noise. Therefore, it will be difficult to 

realize ICMREIT with complex phantoms. In experiments, we use the z-

gradient coil, since it provides a symmetric geometry and a uniform     

distribution throughout the phantoms. In addition to the z-gradient coil, x and y 

gradient coils can be used separately or in pairs, to realize ICMREIT. 
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5.2 Comparison of Conventional MREIT and ICMREIT with Respect to 

Safety 

 

The major problem of conventional MREIT is the necessity of injecting 

electrical current to body. Arpınar et al. [40] state that injection current is 

limited by the patient auxiliary current limit of 100 μA in IEC 60601-2-33 

standard [43]. In order to use MREIT in clinical applications, injection current 

should be decreased to this limit. In research and development studies, the 

amplitude of injection current for MREIT is far beyond the patient auxiliary 

current limit and ranges between several mA [35-36, 39-40], to tens [37], and 

hundreds [39] of mA. By utilizing relatively high injection current amplitudes 

in MREIT experiments, successful conductivity images are reconstructed [32-

42]. Reconstruction quality of MREIT decreases as the injection current 

amplitude decreases to the level of patient auxiliary current limit [40]. High 

injection current results in high   values throughout the object to be imaged. 

Lee et al. apply bipolar current of 28 mA and 300 ms duration to a saline 

phantom with a sausage inhomogeneity and reconstruct   values between 10 

A/m
2
 and 25 A/m

2
 in the  background and 5 A/m

2
 inside the inhomogeneity 

[77]. These values are at least a single order of magnitude greater than the 

reconstructed |   | values in ICMREIT experiments. By using |   |   
 

measurements listed in Table 4.6, maximum | | value (| |
   

) is calculated as 

1.2 V/m. The calculated  | |
   

 value is below the electric field limit of 3.75 

V/m at 1 kHz [43, 78]. Therefore, ICMREIT can be considered as a safe 

method [65]. 

 

 

 

 

 



 

105 

5.3 Problems and Limitations of ICMREIT 

 

Simulation and experimental results show that measured     and |   | 

distributions are greater than the simulated     and |   | distributions. We 

think that the major source of the difference between the simulated and the 

experimental measurements is the low sensitivity of ICMREIT, which can be 

considered as a major concern for clinical applications. In addition, the 

mathematical model we use in numerical simulations may not represent the 

exact characteristics of the utilized MRI scanner in experiments. For example, 

oscillating gradient fields during the application of the proposed pulse sequence 

for ICMREIT may result in vibrations in the gradient coils of the MRI scanner 

as a result of the presence of Lorentz forces [65, 79]. The frequency of these 

vibrations may be comparable to the frequency of the oscillating gradients and 

these vibrations may create an additional       source which may induce     

in the object to be imaged.     induced by the vibrations has potential to 

contribute to the     distribution by means of the MRI pulse sequence used in 

ICMREIT experiments [65]. 

 

The main reason of the low sensitivity of ICMREIT measurements is the 

low frequency of the oscillating gradient fields used in ICMREIT experiments 

[65]. On the other hand, MR-based high frequency electric properties imaging 

method have been utilized since the beginning of 1990s [80]. These methods, 

which use the    field distribution of RF coils of MRI scanners, are commonly 

referred to as    mapping [80-83]. In MRI,     is induced in the object to be 

imaged due to   and   distributions of the object as shown in (5.3). Due to the 

induced     distribution,    distribution throughout the object is changed. By 

measuring this altered    distribution,   and   properties of the objects are 
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extracted. The change in    distribution throughout the object is high due to the 

induced     distributions at the Larmor frequency. As a result, the 

reconstruction performance of    mapping methods is very high [80-83]. 

 

The frequency of MR gradient coil based ICMREIT is limited by    of 

MRI scanners. By utilizing higher    values,    can be reduced which increases 

         and decreases        . The increase in          and decrease in    

compensate each other. If        of the proposed MRI pulse sequence is kept 

constant, the accumulated     does not change as shown in (2.49). In theory, 

by using smaller    values, more gradient pulses can be included in the 

proposed MRI pulse sequence and     can be increased as a result of the 

increase in        value. However, in practice,      of the gradient pulses is 

much greater than   , since the duration of soft 180
o
 RF pulses applied with the 

gradient waveform is in the order of 2.5 ms. Therefore, greater        values 

increase    which result in decreased signal strength and SNR. The proposed 

MRI pulse sequence with higher        values includes higher number of 180
o
 

RF pulses which increase the specific absorption rate (SAR) [65]. 

 

During    of the proposed MRI pulse sequence for ICMREIT,     is 

induced in the conductive parts of the MRI scanner [53, 55, 65]. The induced 

    distribution in the conductive parts of the MRI scanner is referred to as LF 

system eddy current distribution (       ) [55].         may contribute to the 

measured     distributions by means of the proposed MRI pulse sequence for 

ICMREIT. Today, many MRI pulse sequences include time varying gradients. 

For example, in echo-planar imaging (EPI) applications, read-out gradient is 

rapidly switched in order to sample the k-space in a short time period and 
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reduce the total imaging time [84-85]. In order to reduce the MR phase 

contribution of          during the application of the MRI pulse sequences that 

include time varying gradients, active shielding [86-87] and eddy current 

compensation methods [88-91] are used. Temporal characteristics of         

can be modeled by using resistive-inductive (RL) series circuit. By using the 

series RL circuit model, time variation of         can be expressed as 

 

        ( )         

  
 ,       ( )         

  
-       , (5.4) 

 

where        

  
 and        ( 

 ) are the steady state and the initial values of 

       , respectively and   is the time constant of the model.   can be expressed 

as 

 

    
    

    
, (5.5) 

 

where      and       are the effective inductance and the resistance of the 

system, respectively.  

 

Zhou and King state that although          distributions of MRI scanners 

have various   constants due to different coupling effects, many MRI scanners 

have   constants between 1 and 20 ms, which contribute to the MR phase 

contrast [91]. For the MRI pulse sequence proposed for ICMREIT,         

  
 

increases as a function of the    of the gradient waveform since         is 

related with       , due to the Faraday’s Law of electromagnetic induction. 
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        can reach        

  
 after a time period of   , which is in the order of  5 

and 100 ms, by considering the eddy current time window presented by Zhou 

and King [91]. Since     ,         cannot reach        

  
 during the gradient 

pulses of the MRI pulse sequence for ICMREIT.  

 

Let us consider the application of the MRI pulse sequence for ICMREIT 

twice, with    values of 300 and 30 μs. Considering these    values,        

  
 

values of the first and the second gradient waveforms can be considered as 1 

and 10 per units (pu), respectively. By using (5.4), assuming        
( )    pu, 

and    10 ms,        (   ) values can be calculated as 0.03 pu for both 

gradient waveforms. This observation shows that temporal variation of         

during    can be modeled with a simple ramp function [92] as 

 

         ( )  
       

  
 

 
 . (5.6) 

 

As shown in (5.6), adjusting the    does not change        (  ) since        

  
 

and    are directly and inversely proportional with   , respectively. However, 

using higher    values in an MRI pulse sequence increases the risk of neuro-

muscular stimulation [92-93] in clinical applications and it may push the 

gradient amplifier of the MRI scanner towards its maximum limits. Therefore, 

it is proper to use low    values for the MRI pulse sequence for ICMREIT. 

 

Another alternative for increasing     measurements is to use a bipolar 

gradient waveform with hard 180
o
 RF pulses [63] as shown in Figure 5.2. The 

MRI pulse sequence shown in Figure 5.2 and the utilized MRI pulse sequence 
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shown in Figure 2.2 have the same principles for inducing     in the object to 

be imaged and accumulating     in MR signal. The use of a bipolar gradient 

waveform and suitable 180
o
 RF pulses with hard envelopes are the distinctive 

features of the MRI pulse sequence shown in Figure 5.2. Since the MRI pulse 

sequence shown in Figure 5.2 has a bipolar gradient waveform,    is increased 

to     , which results in two times increase in     measurements with the 

same        value.  

 

The major difficulty of the MRI pulse sequence with a bipolar gradient 

waveform is the necessity of applying hard 180
o
 RF pulses with positive and 

negative gradient pulses. In practice, duration of hard 180
o
 RF pulses cannot be 

very small due to the limited RF power. For example, the shortest duration of 

hard 180
o
 RF pulses of the utilized MRI scanner is 700  s. Due to the limited 

RF power, hard 180
o
 RF may not function ideally. It is observed that hard 

pulses applied with positive and negative gradients excite symmetric slices with 

respect to the gradient iso-center. In order to select the same slice during the 

application of the pulse sequence shown in Figure 5.2, the selected slice must 

be on the gradient iso-center which reduces the sensitivity of     

measurements. In addition, it is observed that hard 180
o
 RF pulses applied with 

positive and negative gradient pulses result in ring type artifacts in MR 

magnitude images as shown in Figure 5.3. 

 

Actually, the use of non-ideal hard 180
o
 RF pulses with the MRI pulse 

sequences shown in Figure 2.2 and Figure 5.2 results in MR phase artifacts due 

to the cross-talk of the of the neighbor slices. It is observed that cross talk 

effects increase towards the slice located at   5 cm and decrease towards the 

upper and the lower ends of the phantom, located at   10 cm and   0 cm, 

respectively. 



 

110 

 

Figure 5.2 An MRI pulse sequence including a bipolar gradient waveform for 

the practical realization of ICMREIT [63].  
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                    (a)                                                         (b) 

Figure 5.3 MR magnitude image (a) and profile (b) acquired for a uniform 

phantom of 0.49 S/m and the MRI pulse sequence with bipolar gradients. 

Geometric properties of the phantom are similar to Phantom 1a-b and the 

phantom is composed of 0.05 g CuSO4 and 0.45g NaCl in 100 ml distilled 

water. Parameters of the MRI pulse sequence are similar to the parameters 

listed in Table 3.6. Image slice is close to the gradient iso-center. 

 

In this study, the selected slice is located at   9 cm in order to minimize the 

cross-talk effects of the hard 180
o
 RF pulses. In practical applications, different 

slices should be selected with the proposed MRI pulse sequence for ICMREIT. 

Therefore, the cross talk effects of the proposed MRI pulse sequence should be 

minimized by tailoring the RF pulses and using appropriate crusher gradients 

[92]. 

 

Increasing    values of the proposed MRI pulse sequence is the 

remaining alternative for increasing the sensitivity of     measurements. For 

the MRI pulse sequence used in physical experiments,    is equal to the 

magnitude of the SS gradient and inversely related with ST. Therefore, an 
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increase in    results in selection of thin slices which reduces the signal 

strength and SNR [65]. Further, the gradient waveform with increased    

values has more potential for neuro-muscular stimulation [92-93]. 

 

 

5.4 The Concept of RF Leakage 

 

Mandija et al. [53] and Oran and Ġder [55] utilize conventional spin-echo 

MRI pulse sequence for the experimental realization of ICMREIT. In order to 

induce     in a volume conductor, Oran and Ġder [55] use the SS gradient and 

Mandija et al. [53] locate an extra gradient on read-out axis, symmetrically 

around the 180
o
 RF pulse of the conventional spin-echo MRI pulse sequence. 

Similar to our application, the MRI pulse sequences in [53, 55] are applied 

twice with positive and negative     inducing gradient polarities and result in 

   and    distributions as expressed in (2.50-2.51). It is proposed to obtain 

    by taking the difference of    and    as shown in (2.52). Mandija et al. 

describe the concept of geometrical shifts (  ) in read-out direction for a spin-

echo MRI pulse sequence and state that    is resulted from the imaging 

imperfections due to         and    inhomogeneities during read-out [53]. 

Since    and    are obtained with gradient waveforms with opposite 

polarities, the geometrical shifts in    and    are in opposite directions. 

Mandija et al. [53] express the shifted    and    distributions as  

 

  (        )     (        )     (        )

                                                                 ( )    
    ( )

  
    ( )    

    ( )

  
  (  )

 

(5.7) 

and 
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  (        )     (        )     (        )

                                                                 ( )    
    ( )

  
    ( )    

    ( )

  
  (  )

 

(5.8) 

 

Using (5.7-5.8), it is proposed to calculate the shifted     (   
       ) and 

    (   
       ) distributions as 

 

    
        ,  (        )    (        )-   (5.9) 

      ( )   (  )            

and 

    
        ,  (        )    (        )-   (5.10) 

                      ( )    
    ( )

  
   

    ( )

  
  (  ).            

 

Mandija et al. [53] define RF leakage (        ) as 

 

            
    ( )

  
 (5.11) 

 

and model     as 

 

    ( )          . (5.12) 

 

Substituting (5.12) in (5.11) results in 

 

            (     ). (5.13) 

 

Mandija et al. apply artificial shifts (  ) to the measured    and    
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distributions and calculate    
        and    

        distributions by using 

(5.9-5.10) [53]. As shown in Figure 1 of [53],    
        and     distributions 

are almost the same, which is consistent with (5.9). It is concluded that     

distributions are not affected from   . As shown in Figure 2,4-5 of [53], 

   
        distributions have linear pattern in horizontal direction and scales 

linearly with    and conductivity, which is consistent with (5.10) and (5.13). In 

[53], it is concluded that          is much greater than     and dominant in 

   
        distributions. As shown in Figure 4-5 of [53], it is observed that     

distributions without artificial shifts do not scale with conductivity and do not 

have linear pattern in horizontal direction. The effect of          is not 

observed in true     distributions without artificial shifts. In fact,     profiles 

without artificial shifts show noisy characteristics. We think that the application 

of artificial shifts may generate          in    
        distributions and 

         is not observable in true     distributions. 

 

The concept of          is investigated by using the experimental results 

obtained for the proposed MRI pulse sequence for ICMREIT and Phantom 2a. 

As shown in (5.11),          is related with 
    ( )

  
. Using the measured     

and     distributions, we compare the measured     and the calculated  

    ( )

  
 distributions. Acquired MR magnitude,     and     distributions with 

the corresponding horizontal profiles passing through the center of the 

inhomogeneities are shown in Figure 5.4. As shown in Figure 5.4, decreasing 

characteristics of     and     slopes inside the resistive inhomogeneity with 

respect to the background exhibit   properties of the phantom. 
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                        (a)                                                                    (b) 

 
                        (c)                                                                    (d) 

 

(e) 

Figure 5.4     (a-b),     (c-d), and MR magnitude distributions (e) of 

Phantom 2a. 
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In order to evaluate the dominance of          in measured     

distributions, the characteristics of       ⁄  are investigated. If          is 

dominant in measured     images, measured     and       ⁄  distributions 

should be similar. Spatial derivative operation amplifies the noise. Considering 

the model shown in (5.12), second order curve fitting is applied to the measured 

    distributions.     ( )   ⁄  distributions are calculated for true and 

smoothed     distributions as shown in Figure 5.5.  

 

 

Figure 5.5       ⁄  distributions with the corresponding horizontal profiles 

calculated by using true (without curve fitting) and smoothed (with second 

order curve fitting)     distributions.  

 

As shown in Figure 5.5, the slope of     ( )   ⁄  profiles is positive over 

the selected slice.     ( )   ⁄  profiles can be modelled with a first order 
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polynomial similar to the model given in (5.12-5.13). The slope of       ⁄  

profiles is constant in the background of the phantom. Inside the 

inhomogeneity, the slope of       ⁄  profiles decreases due to the decreased 

conductivity of the inhomogeneity. Visibility of the inhomogeneity is increased 

in     ( )   ⁄  distribution calculated with smoothed     distribution due to 

the decrease of noise in     distribution by means of curve fitting operation.  

 

As shown in Figure 5.4-5.5,     and       ⁄  distributions have 

different characteristics. As shown in Figure 5.5,     profile has quadratic 

characteristics in the background and the inhomogeneity of Phantom 2a. 

Experimental results show that          may not be the source of measured 

    distributions since the characteristics of     and       ⁄  distributions 

are different. 

 

In MR based electrical conductivity imaging, reconstructed   images are 

related with the second order derivatives of measured phase distributions [44, 

77, 80-83]. If          is dominant in     images and contributes to the 

reconstructed   images, then                          ⁄⁄  should give 

information about   distributions. By using true     distribution shown in 

Figure 5.4,         ⁄  distribution and the corresponding horizontal profiles 

are calculated as shown in Figure 5.6.  

 

As shown in Figure 5.6,         ⁄  oscillates around zero which shows 

that            does not represent the electrical conductivity properties of the 

phantom.  
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                            (a)                                                                (b) 

Figure 5.6         ⁄  distribution (a) and profile (b) for Phantom 2 (a). 

 

 

5.5 Diffusion, Drift, and Magnetohydrodynamic Flow Effects 

 

In this study, the characteristics of the MR phase distributions obtained as 

a result of the proposed MRI pulse sequence for ICMREIT are evaluated by 

using the electromagnetic phenomena in LF and RF regimes. As shown in 

Figure 2.2, the proposed MRI pulse sequence includes multiple SS gradient 

pulses with trapezoidal shape and symmetric with respect to the soft 180
o
 RF 

pulses. If a phantom to be imaged includes moving molecules or ions, acquired 

MR signal can be attenuated and additional phase can be accumulated in MR 

images due to the non-zero gradient pulses on each side of the soft 180
o
 RF 

pulses [94-95]. Phase contributions due to moving molecules or ions and     

induced by the time varying gradient waveform may be at the same order of 

magnitude. 

 

Molecules and ions move due to diffusion, drift [96], or an external 

mechanical force [97]. Movement of molecules and ions due to a concentration 

gradient can be described as diffusion.  
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Diffusion can be expressed by using Fick’s Law [96] as 

 

  
    

       , (5.14) 

 

where  
    

 is the diffusion flux,    and   are the diffusion coefficient and the 

concentration, respectively. For a uniform phantom filled with a saline solution, 

diffusion takes place in all directions which will result in negligible phase 

contribution of   
    

 (     ). However, for the inhomogeneous phantoms 

filled with a saline solution in the background and including gel 

inhomogeneities,    of water molecules are non-zero in regions close to the 

boundary of the inhomogeneities. Therefore,       may contribute the 

measured     images of inhomogeneous phantoms used in this study. The 

effect of       on measured     images may be evaluated with a more realistic 

approach by using biological tissue phantoms, such as chicken breast in which 

diffusion is restricted through the fibers [98]. 

 

Movement of ions due to an electrical potential gradient can be described 

as drift [96]. Ionic flux ( 
     

) due to drift forces [96] can be expressed as 

 

  
     

    
  

|  |
     , (5.15) 

 

where the subscript   represents the  th
 ion,    is the ionic mobility,    is the 

valance of the ion,    is the concentration of the ion, and   is the electrical 

potential field. In physical experiments,     is due to  
     

 inside the saline 

solutions. It is tried to measure the phase effects of     distribution created by 
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   . Besides the     effects of  
     

, movement of ions due to  
     

 may also 

contribute to measured     images. However, the use of the proposed MRI 

pulse sequence for ICMREIT to evaluate the MR phase effects of drift of ions is 

very difficult. By injecting rectangular electrical current pulses to a uniform 

phantom filled with an ionic solution and using synchronized drift encoding 

gradient fields in x, y, or z directions with the injected current, MR phase 

effects of movement of ions due to drift forces can be evaluated. An MRI pulse 

sequence for imaging drift effects is proposed as shown in Figure 5.7.  

 

Figure 5.7 A spin-echo MRI pulse sequence with rectangular current ( ) pulses 

and drift encoding gradients. Drift encoding gradients are in synchrony with   

pulses, applied to SS gradient coil, and shown with a thicker line width. 
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The MRI pulse sequence shown in Figure 5.7 is similar to the spin-echo 

based MRI pulse sequences used in MRCDI and MREIT experiments [19-22, 

26-27]. This pulse sequence should be applied to a uniform phantom filled with 

an ionic solution. Due to the homogenous nature of the uniform phantom, MR 

phase effects of diffusion will be negligibly small. Electrical current ( ) is 

injected in synchrony with the MRI pulse sequence. The polarity and the 

magnitude of the current pulses applied before and after the 180
o
 RF pulse are 

equal which results in cancellation of the MR phase effects of the magnetic flux 

density distributions, created by the injected current. The ions inside the 

phantom move due to the drift forces created by the injection current and the 

movement is encoded by the synchronized drift encoding gradient pulses, 

which are applied before and after the 180
o
 RF pulse. By using these drift 

encoding gradients, drift related phase is accumulated in MR images. Drift 

encoding gradients can be applied in SS, PE or RO directions. The MRI pulse 

sequence shown in Figure 5.7 should be applied twice with and without 

electrical current pulses. By taking the difference of the resultant MR phase 

images obtained in two acquisitions, drift related phase can be obtained. 

 

External mechanical forces applied or generated during an MRI pulse 

sequence results in movement of water molecules. Balasubramanian et al. inject 

electric current with 60 μA amplitude and 150 s duration to a phantom filled 

with an ionic solution during an EPI experiment [97]. They state that interaction 

of the ionic current ( ) with the magnetic flux density ( ) generates a Lorentz 

force distribution inside the ionic solution [97] as 

 

         , (5.16) 
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where     represents the electromagnetic or Lorentz force. They express the 

movement of fluid molecules due to     by using the Navier-Stokes equation 

[97] as 

 

        
  ̅

  
 , (5.17) 

 

where     and   are the fluid density and velocity, respectively. 

Balasubramanian et al. describe the flow of fluid molecules due to (5.17) as 

magnetohydrodynamic (MHD) flow. It is stated that MHD flow results in phase 

shifts in MR images without the utilization of specially designed velocity 

encoding gradients [95]. The usual imaging gradients of the MRI pulse 

sequences serve as the velocity encoding gradients [95]. 

 

During ICMREIT experiments,     is induced in the phantoms filled with 

ionic solutions. Considering that    of the MRI scanner is the greatest 

component of   during an MRI experiment and substituting the semi-analytical 

solution for     in (5.16) result in 

 

     . 
 

 
              /  (    )   

 

 
               , (5.18) 

 

where    is the unit vector in radial direction. Considering (5.17-5.18), a single 

cycle of the proposed MRI pulse sequence for ICMREIT can be expressed as 

shown in Figure 5.8. As shown in Figure 5.8,   decrease to a minimum value 

with the negative     pulse, remains constant during     , and increases 

through zero with the positive     pulse. It is observed that the average of   

during a single gradient pulse is non-zero. a 
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Figure 5.8 A single cycle of the proposed MRI pulse sequence for ICMREIT 

including     and   waveforms. 

 

The non-zero SS gradients around the soft 180
o
 RF pulse as shown in Figure 

5.8 have potential to encode the MHD flow with a velocity of   and contribute 

to the measured     distributions. This contribution can be represented as 

MHD phase (    ). For the inhomogeneous phantoms used in physical 

experiments,   and     values of the background solutions and gel 

inhomogeneities are different. Therefore,      has potential to generate 

contrast in measured     distributions which is related with   and     

distributions. 
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CHAPTER 6 

 

 

CONCLUSION AND FUTURE STUDY 

 

 

 

In this thesis, ICMREIT is investigated starting from modeling and 

analysis to physical experiments. ICMREIT concept is realized by using the              

z-gradient coil of a clinical MRI scanner and simple experimental phantoms 

without utilizing external hardware. The proposed ICMREIT imaging technique 

provides a novel contrast based on LF electrical conductivity of the imaged 

media (tissues in medical imaging) in addition to conventional MR contrast 

such as spin,   , and    weighted contrast. The major problem of the ICMREIT 

implementation presented in this study is the low sensitivity of     

measurements. Investigation of the concepts related with diffusion, drift and 

MHD forces shows that flow effects may contribute to the measured     

distributions since the sensitivity of the method is very small. Sensitivity of 

ICMREIT can be increased by using a gradient waveform with, greater    and 

       values or bipolar gradient pulses. However, the application of such 

sensitivity increasing methods is not straightforward due to the concerns related 

with neuro-muscular stimulation, SAR values, and imaging artifacts. The 

reconstructed |   | and      images with simulated and experimental 

measurements exhibit the electrical conductivity properties of the phantoms. 
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Neglected     and     distributions during the reconstruction of    and    

distributions and insufficiency of the curve fitting method in small regions 

located between the boundary of the eccentric inhomogeneities and the 

phantoms increase reconstruction errors. Curve fitting based smoothing filter 

reduce the spatial resolution. Neglected       and       terms during the 

derivation of the J-derivative algorithm result in boundary artifacts in      

images and these artifacts are carried over the horizontal and the vertical 

profiles passing through the inhomogeneities. Due to the error sources related 

with physical measurements and image reconstruction,      images are rough 

estimates of the simple phantoms and they exhibit qualitative reconstructions 

rather than quantitative images [65]. ICMREIT can be considered as a safe 

imaging method since | |
   

 values calculated from simulation and 

experimental results are smaller than the electric field limit at 1 kHz                        

[43, 65, 78]. 

 

Future studies should focus on providing      images with better quality 

and resolution. To achieve this, the quality of physical measurements and 

success of the image reconstruction process should be increased. To increase 

the quality of the physical measurements, the proposed MRI pulse sequence 

should be optimized. To increase the sensitivity of the physical measurements, 

the use of bipolar gradient waveforms with hard 180
o
 RF pulses should be 

investigated. In order to increase the reconstruction performance of the method, 

   and    distributions should be reconstructed with better accuracy. The 

smoothing filter in image reconstruction process should be eliminated in order 

to increase the spatial resolution of      images.   based image reconstruction 

algorithms, such as MREIT sensitivity algorithm [25], can be utilized for 

reconstructing      images. The effects of diffusion, drift, and MHD forces on 
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measured     distributions can be investigated by using numerical simulations 

and physical experiments.  
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