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Abstract 
 

        Magnetic resonance imaging (MRI) in the presence of metallic 

structures is very common in medical and non-medical fields. Metallic 

structures cause MRI image distortions by three mechanisms: (1) static field 

distortion through magnetic susceptibility mismatch, (2) eddy currents 

induced by switched magnetic field gradients and (3) radio frequency (RF) 

induced eddy currents. Single point ramped imaging with T1 enhancement 

(SPRITE) MRI measurements are largely immune to susceptibility and 

gradient induced eddy current artifacts. As a result, one can isolate the 

effects of metal objects on the RF field. The RF field affects both the 

excitation and detection of the magnetic resonance (MR) signal. This is 

challenging with conventional MRI methods, which cannot readily separate 

the three effects. 

        RF induced MRI artifacts were investigated experimentally at 2.4 Tesla 

by analyzing image distortions surrounding two geometrically identical 

metallic strips of aluminum and lead. The strips were immersed in agar gel 

doped with contrast agent and imaged employing the conical SPRITE 

sequence. B1 mapping with pure phase encode SPRITE was employed to 

measure the B1 field around the strips of metal. The strip geometry was 

chosen to mimic metal electrodes employed in electrochemistry studies. 

        Simulations are employed to investigate the RF field induced eddy 

currents in the two metallic strips. The RF simulation results are in good 

agreement with experimental results. Experimental and simulation results 
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show that the metal has a pronounced effect on the B1 distribution and B1 

amplitude in the surrounding space. The electrical conductivity of the metal 

has a minimal effect. 

Key words: metal artifacts, RF eddy current, MRI, Pure phase encode, B1 

mapping, SPRITE 
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1. Introduction 

   

         Magnetic resonance imaging (MRI) is an essential measurement and 

diagnostic tool in medical and non-medical fields. Metal implants like 

screws, hip prostheses and clips are very common clinically. The presence of 

metallic structures in the sample space causes image distortions. Recently 

the challenges of imaging near metal surfaces in electrochemical MRI 

studies have been investigated. MRI has enormous potential for the 

development of energy devices such as batteries and fuel cells, and can also 

be extended to investigate other electrochemical processes [1-3]. In 

materials science, MRI has been developed for spatially resolved analysis of 

fluids in porous media [4-7], MR measurements employing metal vessels at 

high pressure and variable temperature provide unique information about the 

microscopic behavior of liquids [8]. Metal vessels may lead to severe image 

distortions, but these distortions can be mitigated by careful choice of MRI 

method.  

        Metals produce local artifacts that distort MR images in regions close to 

the metal. Artifacts due to metallic objects may be caused by (1) static field 

magnetic susceptibility mismatch, (2) eddy currents induced by switched 

magnetic field gradients or (3) radio frequency (RF) field eddy currents [9-

18]. 

        Susceptibility artifacts arise from local static field (B0) inhomogeneities 

caused by discontinuities in magnetic susceptibility at the boundaries of the 
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metallic material and are characterized by geometric distortions in the 

readout direction of the image, perturbation in the selected slice and signal 

intensity variations. The severity of the artifact depends on the metallic 

object geometry, orientation with respect to the static field, the magnetic 

susceptibility difference, and the strength of the B0 field [18-23]. Methods 

for B0 inhomogeneity correction have been suggested in the literature [24-

27]. Metallic objects generally have reduced susceptibility artifacts when 

their long axis is parallel to B0 [18]. 

        Switched magnetic field gradients and RF pulses can induce eddy 

currents in a metallic object, which may result in image distortion and image 

artifacts [20, 28-33]. In each case the varying field alters the magnetic flux 

through the conductive object and induces eddy currents due to Faraday’s 

law. Lenz’s law states that the eddy current flows so as to oppose the flux 

change inside the current path. RF eddy currents induced in the metallic 

object can result in B1 enhancement or cancellation near the surface of the 

object [12, 17]. B1 homogeneity in the sample space can be significantly 

altered. Due to the principle of reciprocity, any variation in the B1 field has 

an effect both on signal excitation and signal detection. The time varying B1 

field caused by eddy currents is superimposed upon the originally applied B1 

field [16]. 

         The severity of metal-related image distortions is determined by the 

pulse sequence and sequence parameters. Gradient recalled echo (GRE) 

methods are very sensitive to the presence of metal [34]. Intravoxel 

dephasing is the dominant cause of signal loss in GRE imaging, resulting in 
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signal loss around the metal in the processed images. Decreasing the echo 

time and decreasing the voxel size will reduce the degree of intravoxel 

dephasing due to B0 inhomogeneity [34]. Spin echo sequences apply 

refocusing RF pulses that correct for static/fixed magnetic field 

inhomogeneity [34]. Misregistration artifacts occur in the frequency 

encoding direction but not in the phase encoding direction [20, 35-37]. A 

technique called view angle tilting (VAT) has been shown to reduce metal 

related artifacts. VAT suffers from image blurring across the image field of 

view (FOV) and low image signal to noise ratio (SNR) [38, 40]. Single point 

imaging methods [35-37] with longer times for gradient stabilization can 

solve these problems to a significant extent. SPRITE imaging, one type of 

single point imaging method, may be employed to isolate B1 related 

distortions since B0 inhomogeneity, chemical shift, magnetic susceptibility, 

and magnetic field gradient induced eddy current artifacts are largely 

eliminated. 

        Ilott et al [9] have recently undertaken an experimental and simulation 

study of the electrical effects associated with lithium MRI studies of metallic 

lithium. Their study concentrated on the B1 induced eddy current distribution 

in the lithium conductor and its spatial variation due to the skin effect. 

        In the current work, B1 mapping has been undertaken to measure 

distortions in the B1 field in the sample space surrounding metal conductors. 

We also analytically measure the local B1 field in the sample space with a 

recently introduced B1 mapping method [41]. The SPRITE MRI signal in 

each pixel (or voxel) is proportional to B1
2 due to B1 sensitivity in both 
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excitation and reception. Therefore, the method is very sensitive to B1 

variation in the sample space [41].  

        Simulations of B1 field induced eddy currents are also presented. The 

B1 induced eddy currents result in distortion of the B1 field in the sample 

space. The B1 simulation results are in good agreement with experimental 

results and show the significant effects of metal on the B1 field distribution 

and B1 amplitude in surrounding space. B1 field distortion around good 

conductors is largely independent of the conductivity value. Thus, the 

electrical conductivity of the metal has a minimal effect.  
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2. Theory 

 

2.1. Theoretical consideration of B1-induced artifacts 

       Eddy currents are induced in metallic structures by the time-varying 

magnetic field components of B1. Faraday’s law of induction explains this 

phenomenon. For a static conductor exposed to time varying magnetic flux: 

 

                                                                       [1] 

 

where EMF is the induced electromotive force due to changing flux  

through a conductive object.  is the magnetic field applied for excitation 

and  is the normal vector perpendicular to the surface S. The induced 

electromotive force causes an electrical current to flow in the conductor. The 

induced currents, according to Lenz’s law, produce local time-varying 

magnetic fields and as a result, the uniformity of  in the sample space will 

be disturbed.  distortion may result in a higher or lower  amplitude of  

locally around a metallic object, which increases or decreases the local 

excitation flip angle. By the principle of reciprocity, the local RF artifacts 

are compounded by altered receive sensitivity of the MR coil [12].  

       The change in transmit and receive sensitivity due to the presence of a 

metallic structure, assuming linear RF polarization, can be understood by 
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considering a simple circuit model [12]. When current I, at frequency ω0 is 

applied to a RF probe, the total effective magnetic field, B1 (transverse to 

B0), produced by the RF coil in the presence of the metallic structure is 

given by: 

 

                                                                     [2] 

 

 

where B1,app is the transverse field per unit current applied by the RF coil in 

the absence of the metallic structure and B1,ind is the transverse field induced 

per unit current in the metallic structure. Only the transverse components 

will be considered because they are involved in exerting a torque on the net 

magnetic moment [12]. M is the mutual inductance between the RF coil and 

the metallic structure and Zmetal is the total impedance of the metallic 

structure. Zmetal is split into Rmetal (resistance) and iω0Lmetal (reactance), 

ignoring the small capacitance. In calculating the transmit sensitivity, one 

should be concerned solely by the magnitude of B1. Any phase variation will 

be exactly cancelled in receive mode, provided the same RF coil is 

employed for transmission and reception [12, 17].  

        The fractional changes in transmit and receive sensitivity of the RF 

coil, TS  and RS  [12], because of the presence of a metallic structure, are:   
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TS (r ) RS (r )
B1,app(r ) M

Zmetal

B1,ind (r )

B1,app(
tal

r )
                                                  [3] 

 

 

Equation [3] can be simplified as: 
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                                                                                  [4] 

 

in which, .The term   is  dependent upon 

the electrical parameters of the metallic structure and M would normally 

include a geometrical factor. At high frequency, ω0Lmetal is much greater 

than Rmetal [17], which contributes only 0.5% to the overall impedance, so 

the resistive term can be ignored. Dominant terms therefore only depend on 

metal geometry and are independent of the metal's conductivity , which 

has an effect only through . The induced field, B1,ind of Eq. 

Zmetal Rmetal iii 0Lmetal
M

Zmetal
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4 is geometry dependent and can be calculated by applying the Biot-Savart 

law [12] (assuming quasi-static conditions). 

 

2.2. Electromagnetic field analysis 

         A linearly polarized RF field travelling in a given direction  may be 

expressed as: 

 

2Hy k2Hy 0                                                                                       [5] 

 

where Hy is the single component of the magnetic field and k is a 

propagation constant [42, 44]. Our magnetic field problem is effectively a 

plane wave travelling in a source free lossy media hence the square of the 

propagation constant is [42, 44] 

 

k2 jj (( jj )                                                                                   [6] 

 

The propagation constant k is the sum of attenuation and phase constants, 

which are typically denoted as α and β, respectively (i.e. ). 

Rewriting Eq. 6 in terms of α and β [42]: 
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                                                            [8] 

 

The attenuation constant α is expressed in Neper per meter (Np/m) and 

shows the attenuation of the field as it propagates through a medium. The 

phase constant β in rad/s will determine the amount of phase shift. The 

distance the wave must travel in a lossy medium to reduce its value by a 

factor of e-1 is defined as the skin depth ( 1 ). 

         In this work a metal strip was surrounded by a low conductivity gel.  

The conductivity of the metal strip is large relative to that of the gel. Hence, 

(σ/ωε) 2 >> 1 within the metal strip and Eqs. 7 and 8 are dominated by the 

conduction current density term.  Similarly, (σ/ωε) 2 << 1 for the gel and 

Eqs. 7 and 8 are dominated by the displacement current density term.  For 

each of these two cases, the exact forms of α and β as shown in Eqs. 7 and 8 

can be approximated by simpler forms [42] as summarized in Table 1.  

         From these simplified terms, it is apparent that a wave travelling 

through a high conductivity metal is highly attenuated and does not 

effectively penetrate the conductor while experiencing rapid phase changes.  
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In contrast, a wave travelling through the low conductivity gel is not 

significantly attenuated and does effectively penetrate it while experiencing 

moderate phase changes. 

       Solutions to Eq. 5 are not readily determined analytically. We have 

therefore resorted to numerical simulation in order to calculate RF magnetic 

field distributions in and around the sample space. In electromagnetic 

simulations, it is natural to employ H, since permeability and susceptibility 

effects may be determined from H. However, since B contains induced 

magnetization as well as the direct effect of H, it is the appropriate quantity 

to use in MR of finite permeability materials [44].   

 

2.3. B1 mapping around metallic structures 

         A new technique for B1 mapping was employed to map B1 around the 

objects of interest [41].  

        Practical measurement of the local B1 proceeds via Eq. 9 by 

incrementing tpulse, the excitation pulse duration, in successive images while 

maintaining the low flip angle limit [41]. Plotting local signal versus tpulse 

permits determination of B1 via the slope in each pixel or voxel. 

 

                                              [9                                  
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 is a unitless signal intensity in image space and κ is a constant of 

proportionality.  is measured in grams of 1H per unit volume material at 

any point , tp is the phase encoding time between RF excitation and signal 

reception and T2
* is the effective spin-spin relaxation time. For tp << T2

*, the 

exponential term may be neglected. B1 is the component of the RF field 

produced in the transverse plane and � is the gyromagnetic ratio [41]. 
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4. Experimental  

 

 

       MRI experiments were performed on a Tecmag (Houston, TX) Apollo 

console equipped with a Nalorac (Martinez, CA) 2.4 T 32 cm i.d. horizontal 

bore superconducting magnet (Nalorac Cryogenics, Martinez, CA). The RF 

probe was a homebuilt quadrature eight-rung birdcage 4.5 cm in diameter 

and 10 cm in length, driven by a 2 kW (American Microwave Technology, 

Brea, CA) 3445 RF amplifier. A 200 mm i.d. gradient set driven by x, y and 

z Techron (Elkhart, IN) 8710 amplifiers, provided maximum gradient 

strengths of 5.9 G/cm, 5.4 G/cm and 10.6 G/cm, respectively, in this work. 

The RF probe was employed with a single mode of excitation and reception 

(linear polarization of B1).  

        A conical SPRITE [36] image was acquired for a uniform cylindrical 

vial of gel doped with 0.2 mM GdCl3 enclosing a rectangular strip of 

aluminum (Al), which is minimum purity 95.8% (Metal Supermarkets, 

Mississauga, ON, Canada). The electrical parameters of Al are summarized 

in Table 2. The Al strip was 3 cm in length, 1 cm in width, and 2.3 mm in 

thickness. The gel was 4 cm in length and 4.4 cm in diameter with bulk 

relaxation times of T2
*= 2.5 ms and T1= 21 ms. Conical SPRITE imaging 

sequence parameters were: FOV = 10 6.5 6.5 cm3, SW= 250000 Hz; 64 

k-space points were acquired each with a phase encoding time tp = 100 µs 

with TR = 2 ms, signal averages = 32, 90
 pulse duration 33 µs with 60% 

RF power. The conical SPRITE pulse length was set to 4 µs, which 
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corresponds to a 6.6
 flip angle. The phase cycle for both the RF pulses and 

the receiver was . The acquisition time for each image was 1h and 17 

min.  

           For the 3D B1 mapping experiments, a uniform cylindrical vial of gel, 

doped with 0.2 mM GdCl3, 6 cm in length and 3.5 cm in diameter enclosed a 

rectangular strip of Al, or lead (Pb), minimum purity 98% (McMaster-Carr, 

Elmhurst, IL). The electrical parameters of Pb are summarized in Table 2. 

The strips were 5.5 cm in length 8.5 mm in width and 2.3 mm in thickness. 

A set of 3D SPRITE images was acquired for 3D B1 mapping [41]. Conical 

SPRITE [36] imaging sequence parameters were: FOV = 13 6 6 cm3, 

SW= 250000 Hz, 64 k-space points were acquired each with a phase 

encoding time of tp = 100 µs with TR = 2 ms, signal averages = 32, 90
 pulse 

duration 33 µs with 60% RF power. The conical SPRITE RF pulse length 

was set to 3 µs, 3.5 µs, 4 µs, 4.5 µs, 5 µs, and 5.5 µs. The shortest and 

longest pulse durations are equal to 5
 and 8
 flip angles, respectively. The 

phase cycle for both the RF pulses and the receiver was . The 

acquisition time for each image was 1h and 17 min.   

            The Acciss, Unisort and Unifit processing packages, developed in the 

IDL (EXELIS, Boulder, CO) programming environment by the UNB MRI 

Centre were employed for image reconstruction, display and signal intensity 

mapping. 

          CST Microwave Studio (Framingham, MA), a finite element analysis 

software [45], was employed for the RF eddy current simulations. CST 

Microwave Studio is an electromagnetic field analysis program that can 

calculate eddy currents and resulting magnetic fields. As input parameters, 

xx yy 

xx yy 
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the shape of the object, permeability, permittivity, electrical conductivity, 

and RF field frequency are given. As output parameters, CST provides the 

spatial distribution of the magnetic field intensity  along with induced 

current distributions  on conductive structures. In the electromagnetic 

simulation, the space was divided into many small mesh elements. The 

resulting mesh was generated such that regions of interest are meshed to a 

finer degree than those of less interest [28]. The number of mesh cells 

impacts the accuracy of the solution as well as the simulation run time. The 

simulations were completed using a PC with a 2.66 GHz Intel Core i7-M620 

CPU with 8 GB of RAM installed.  
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5. Results and Discussion  

 

          The dimensions and orientations of the metal strips, employed in two 

different experimental geometries, are illustrated in Fig. 1. Figs. 1(a) and 

1(b) illustrate the first geometry in which the surface of the metal strip is 

perpendicular to the B1 field but parallel to B0. x, y, and z are the laboratory 

frame of reference which correspond to our imaging (gradient) axes. Note 

that the B1 field direction of the birdcage probe employed is not aligned with 

the laboratory axes. It makes a 45° angle with the y axis. We have chosen 

45° off axis to represent the general case for a birdcage probe where the B1 

field direction is not naturally aligned with the laboratory frame of reference, 

unlike the case of a solenoid RF probe. The B1 field orthogonal to the metal 

structure is a geometry employed in our simulations, other theoretical 

calculation [18], and experimental results in the literature [1].  

        Figs. 1(c) and 1(d) show the second experimental geometry. Fig 1(c) 

shows the position of the metal strip in the GdCl3 doped gel. Fig 1(d) shows 

the B1 and B0 field orientations. The surface of the metal strip in this case is 

in the same plane as the B1 field  (xy plane) and perpendicular to B0. Once 

again the B1 field is oriented 45° off the y axis and is representative of a 

birdcage RF probe. The physical properties of the metal strips are reported in 

Table 2.  
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        As stated in Section 2.2, a travelling wave penetrates the gel with little 

attenuation (α small) but is significantly attenuated (α large) by the metal 

and results in the formation of RF eddy currents. Similarly, phase changes 

through the gel are moderate while there are rapid changes through the 

metal. 

        We now consider experimental results with the first geometry where 

the surface of the metal strip is parallel to B0 and perpendicular to B1. Fig. 

2(a) shows 2D slices of the relative B1 field distribution (B1/B1max) (xy and xz 

planes) from experimental 3D B1 maps for a uniform vial of gel doped with 

GdCl3 enclosing a strip of Al, with orientation as shown in Fig. 1(a) and 

1(b). For each orientation, five different planes, one in the centre and four 

displaced from the centre, are shown. The B1 field homogeneity outside the 

metal strip is severely distorted with a very characteristic dipole pattern of 

enhanced B1 and suppressed B1 apparent in the transverse plane maps. B1 

artifacts will be maximized when the B1 field is perpendicular to the surface 

of the strip (Eq. 1). The dipole pattern in the xy planes is in agreement with 

theory [18], experiments [1] and the simulation results that are reported 

below, confirming the excellent performance of our B1 mapping method to 

measure B1 in the presence of metallic structures.  

        Regions with enhanced and reduced B1 in the xy planes are symmetric 

due to the symmetric shape of the metal strip. Near the eddy current, B1 is 

stronger but the decrease in B1 strength can be assumed to be inversely 

proportional to distance from the current source. Midway between the long 
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edges of the strip, the superposition of the induced fields exactly cancels the 

applied field giving a net B1 field of zero.  

        Asymmetry in the B1 field alteration above and below the metal strip in 

the xz plane (longitudinal slice, right side of Fig 2(a)), is a result of the metal 

strip making an angle of 45° with the imaging axes (x,y), as shown in Fig 

1(b). The central longitudinal slice is far from induced currents (along the 

long edges of the strip). No distortions due to B1,ind (the B1 caused by 

induced eddy currents) will be observed above and below for the central 

longitudinal slice. As the xz planes displayed are displaced from the central 

plane, the region of the xz plane closest to the induced currents will 

experience greatest B1 distortion ( ), while the 

other side further from the induced currents, experience a reduced B1.          

        Fig. 2(b) shows 2D slices of the relative B1 field distribution (B1/B1max) 

(xy and xz planes) from experimental 3D B1 maps for a uniform vial of gel 

doped with GdCl3 enclosing a strip of Pb ( ), with 

orientation as shown in Fig. 1(a) and 1(b). The results are qualitatively and 

quantitatively the same as Fig. 2(a), suggesting that that the electrical 

conductivity of the metal has a minimal effect on the B1 field in the 

surrounding space. In agreement with expectation (section 2.1), these results 

confirm that the B1 field distortion around conductors is largely independent of 

the conductivity values. 

We now consider the second geometry of Fig. 1 in which the surface of the 

metal strip is parallel to B1 and perpendicular to B0. Fig. 3 shows 2D slices 

B1 B1,ind B1,app (applied B1)

Pb

Al
1.37 10 1
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(xz and xy planes) from a 3D SPRITE image of a uniform vial of gel doped 

with GdCl3 enclosing a strip of Al, Figs. 1(c) and 1(d). The colour bar shows 

signal intensity in arbitrary units. For each orientation, one slice in the center 

of the object is shown. No B1 distortions due to RF eddy currents were 

observed in the 2D xz slices. B1 artifacts will be minimized when the B1 field 

is parallel to the surface of the strip (EMF ≈ 0 according to Eq. 1). Note that 

eddy currents may still be induced in the thickness of the strip (0.23 cm), but 

they are negligible due to the geometry factor (surface S in Eq. 1 is very 

small). The results are in accordance with the theory (Eq. 1); images are free 

from B1 artifacts in this case. The 2D images are free from geometrical 

distortion due to switched magnetic field gradients or magnetic susceptibility 

variations. 

        The xy transverse 2D slice does show a petal shaped signal variation in 

proximity to the birdcage coil struts, Fig. 3, where the B1 field is very strong. 

The struts on the left and right side of the metal strip surface in the xy slice 

were the reason for the signal enhancement at top and bottom of the xz slice 

in Fig. 3 (longitudinal slice).  

        Since no B1,ind artifacts were observed for the case in which the surface 

of metal strip is parallel to B1 and perpendicular to B0, no simulations were 

undertaken.  The B1,ind  profoundly affects the first experimental geometry, 

Figs. 1(a) and 1(b). Electromagnetic simulations were undertaken to match 

the experimental results to the theory. Fig. 4(a) illustrates the dimensions 

and orientations of the metal strips employed in the simulations. The 

dimensions were identical to the samples studied in Fig. 2.Note that the 
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simulation axes (x’,y’,z’) are different from the imaging axes (x,y,z). They 

are rotated about the z axis by 45°.  

        The direction of the applied B1 field, B1y’,app, was along y’. Fig. 4(a) 

shows a perspective view of the development of B1 induced eddy currents 

when B1y’,app is perpendicular to the surface of a metallic strip. According to 

Faraday’s law of induction, Eq. 1, B1y’,app induces an EMF which results in 

eddy currents. These eddy currents are concentrated at the edge of the metal 

strip due to the skin effect at high frequencies [18] resulting from a large 

attenuation constant α (theory section 2.2). The eddy currents induce a RF 

magnetic field B1,ind . At the mid-point of the z-directed edge, B1,ind possesses 

only components in the x’ (B1x’,ind) and y’ (B1y’,ind) directions.  

        Fig. 4(b) shows a side on view of a central x’y’ section (cross section 

view) of the metal strip in Fig. 4(a). The induced eddy currents I and I

are into and out of the x’y’ plane, respectively. The B1,ind fields are 

represented by the dashed lines, with a direction indicated by the 

arrowheads. The amplitude of the induced fields is inversely proportional to 

the distance from the current source in accordance with the Biot-Savart law 

[43]. In the proximity to the induced current, B1,ind  effects are maximal. In 

areas far from the currents, the influence of B1,ind is minimal. At points 

shown by ( ), midway between the induced currents, the superposition of 

the induced fields exactly cancels out the applied field, giving a net magnetic 

field of zero. Knowing the direction and amplitude of B1x’,ind and B1y’,ind, one 

can predict the direction and amplitude of the net B1 field at each point in 

space ( B1i B1i,ind B1,app, i x ', y ' ).  
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        CST Microwave Studio was employed to simulate the spatial 

distribution of the magnetic field intensity  around the metal strip.  and 

magnetic flux density vector  are proportional by a constant of 

proportionality μ as shown in Eq. 9. In the simulations, the medium 

surrounding the electrode and gel was specified to be free space (i.e.  

and ε=ε0).  

        The spatial distribution of the magnetic field intensities H1x’ and H1y’ in 

units of A/m from simulations, near and outside the modeled Al strip are 

shown in Figs. 5(a) and 5(b). In each figure, a central x’y’ plane is shown. 

The H1x and H1y distributions are superposition of H1x’,ind and H1y’,ind with the 

applied H1, H1,app, H1i H1i,ind H1,app, i x ', y ' . The extent of the region in 

which H1,ind is significant is proportional to the amplitude of the RF induced 

eddy currents. Large amplitude eddy currents will flow at low electrical 

resistance (high �) and high EMF (induced voltage), resulting from the high 

rate of change of the applied magnetic flux (i.e. large B1 / t). At high 

frequency, the impedance of the metal strip will be dominated by a reactive 

component ( ), thus the resistance of the metal, 

Rmetal, will have negligible effects. 

        Calculations were also undertaken based on Eq. 4 for Al and Pb 

samples with the same geometry. Direct calculations show the effects are 

negligibly small (<0.008% change in M/Zmetal). Simulation results are in 

agreement with both the theory and the experimental results. Local changes 

of H1 caused by the presence of metal are approximately the same for Al and 

Pb and are determined by the experimental geometry, which is identical. The 

�
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electrical conductivity of the metal had negligible effects on the spatial 

distribution and amplitude of H1. 

        Fig. 5(a) shows H1x’, the superposition of H1x’,ind and H1,app (

) near  the Al strip. Note that H1,app is along the y’ axis 

for this simulation so H1x’  has the same amplitude and distribution as 

H1x’,ind. One can interpret the H1 pattern as shown in Fig. 5(a) by considering 

the eddy current and B1, ind directions as shown in Figs. 4(a) and 4(b), 

respectively. H1’,ind is directed along the +x axis at the top and bottom of 

loops a and c, respectively.  Similarly, H1’,ind is directed along the -x axis at 

the top and bottom of loops b and d, respectively. The maximum of H1’ind 

occurs in the region near the induced current. The amplitude of H1x’,ind 

decreases as the distance from the top and bottom of each loop increases 

although the orientation of the field does not change.  

        Fig. 5(b) shows H1y, which is the superposition of H1y’,ind and H1y’,app (

) near the Al strip. One can interpret the B1 pattern 

as shown in Fig. 5(b) by considering the eddy current and B1,ind directions as 

shown in Figs. 4(a) and 4(b), respectively. At the points on left side of the 

loops a and d as well as right sides of the loop b and c, H1y’.ind is positive 

with maximum strength near the induced currents. Further from the currents 

the strength will be reduced. At points on right side of the loops a and d as 

well as left sides of the loop b and c, H1y’.ind is along –x’ with maximum 

strength near the induced currents. The superposition of the induced fields 

exactly cancels out the applied field, resulting in a net magnetic field of zero 

H1x' H1x',ind H1,app

H1y' H1y',ind H1y',app
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at the midway points labelled as ( ) in Fig. 4(b), midway between the 

induced currents.  

         Simulation was also undertaken to account for the effect of the gel with 

an electrical conductivity of 1 S/m. No effect of gel conductivity was 

observed (results not shown). However, simulation for a gel with higher 

electrical conductivity  (  S/m  showed the gel behaving more as an 

RF shield. The first term on the right hand side of Eq. 17 (penetration of  

into the conductor), becomes relatively large and will be large inside the gel. 

Due to the skin effect, the electric current mainly flows near the surface of 

the conductive gel.  

        Simulations for both the Al and the Pb strips were performed. However, 

the results were essentially the same for both conductors. Therefore, only the 

results for the Al strips are reported in this work. 

        Note that the B1 field was applied perpendicular to the strip surface, as 

shown in Fig. 1(b), and the same RF coil was utilized for signal detection. 

Based on the principle of reciprocity, the signal can be detected only along 

B1,app and only the B1,ind components corresponding to the B1,app direction 

produce a signal. Therefore, Fig. 5(b) H1y’ distributions (

) was compared with the experimental B1 mapping 

results in Fig. 6. 

         Figs. 6(a) and 6(b) show the central 2D slices of the relative B1 field 

distribution (B1/B1max) (xy planes) produced from the B1 mapping 

experiment for the Al and Pb strips, respectively. Figs. 6(a) and 6(b) are in a 

100
�

H 

H1y' H1y',ind H1y',app
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good agreement with Fig. 6(c) which is the normalized version of the results 

in Fig. 5(b). The normalized version of Fig. 5(b) was employed to facilitate 

comparisons of local B1 changes between the experimental and simulation 

results. In Fig. 6(c) H is replaced by  in which  will be cancelled in 

the normalization process ( ). Local B1 changes in the 

experiment and simulation are in excellent qualitative and quantitative 

agreement.  
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6. Conclusion 

 

        B1 induced artifacts in the presence of metal strips which mimic 

electrodes were investigated. The B1 induced distortions depend on the 

orientation between the metal strip and the B1 field. Two  geometries were 

considered: (1) the surface of the metal perpendicular to B1 and parallel to 

B0 and (2) the surface of the metal parallel to B1 and perpendicular to B0. 

The first geometry lead to non-intuitive B1 distortions, the second geometry 

was free from metal related B1 artifacts. 

        A recently developed B1 mapping technique was employed to measure 

distortions in the B1 field in the presence of the metal strips for the first 

geometry. Simulations of B1 field induced eddy currents were also 

undertaken. The B1 induced eddy currents result in distortion of the B1 field 

in the sample space for the first geometry. The B1 simulation results were in 

good agreement with experimental results and illustrated the significant 

effects of the conductors on the B1 field distribution and B1 amplitude in 

surrounding space. The electrical conductivity of the metal has a negligible 

effect. 

        The results are particularly important for NMR and MRI of batteries 

and other electrochemical devices. Such analyses will become valuable in 

many applications involving battery systems. In electrochemical MRI, 

orienting the electrodes such that they are largely parallel to the B1 field (B0 

field either parallel or perpendicular) will significantly reduce B1 eddy 

current induced effects.  
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        The objects utilized in this work were electrode-like strips of metals, 

but one can employ the B1 mapping experiment and/or simulations to 

quantify B1 related effects around arbitrarily complex structures. 
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7. Figure caption 

 

         Fig 1. The dimensions and orientations of the metal strips employed in 

two different experimental geometries. (a) and (b) show the first case in 

which the surface of the metal strip was perpendicular to the B1 field and 

parallel to B0. x, y, and z are laboratory (imaging) axes. The RF probe is a 

birdcage probe where the B1 field direction is not automatically aligned with 

lab axes x or y. (c) and (d) show the second case in which the surface of the 

metal strip is in the same plane as the B1 field (xy plane) and perpendicular 

to B0. (c) shows the position of the metal strip in the GdCl3 doped gel in the 

second case (d) shows the directions of B1 and B0 with respect to the metal 

strip. A birdcage RF probe was employed to generate B1.  

         Fig 2. (a) and (b) 2D slices of the relative B1 field distribution 

(B1/B1max) in the xy (to the left of each figure) and xz (to the right) planes. 2D 

slices are from 3D B1 maps for a uniform vial of gel doped with GdCl3 

enclosing (a) a strip of Al or (b) a strip of Pb, for the geometry in Fig. 1(a) 

and 1(b). For each orientation (xy and xz), five different planes, one in the 

centre of the object and four displaced from centre, are shown.       

   Fig 3. 2D slices (xy and xz planes) from a 3D SPRITE image for a uniform 

vial of gel doped with GdCl3 enclosing a strip of Al for the geometry in Fig. 

1(c) and 1(d). The colour bar shows signal intensity in arbitrary units. For 

each orientation one slice in the center of the object is shown. Signal 
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enhancement occurs near the end of the sample in the xy and xz 2D slices are 

due to the strong B1 field near the birdcage coil struts.  

         Fig 4. (a) The dimensions and orientations of the metal strips employed 

in simulation. The simulation axes (x’,y’,z’) are different from the imaging 

axes (x,y,z). They are rotated about the z axis by 45°. A perspective view of 

the development of B1 induced eddy currents in the metal when B1y’,app is 

perpendicular to the surface of the metal strip is shown. (b) The side on view 

of a central x’y’ cross section of the metal strip in (a). The induced eddy 

currents I and I are into and out of the x’y’ plane, respectively. The 

B1,ind fields are represented by the dashed lines. Arrows indicate the direction 

of the field.  

        Fig 5. Magnetic field intensities H1x’andH1y’ distributions from the 

simulation, outside the modeled Al strip for the geometry of Fig. 4(b). H is 

measured in units of amperes per meter (A/m). (a) shows H1x’ which is equal 

to H1x’,ind  near and around the Al strip. There is no component of applied 

field in the x’ direction (H1x’,app = 0) (b) shows H1y which is superposition of 

H1y’,ind and H1y’,app near and around the Al strip.  

          Fig 6. A comparison of relative B1 distribution ( ) produced 

from the B1 mapping experiment for the Al and Pb strips and the simulation 

result for the geometry in Figs. 4(b). (a) and (b) show central 2D xy planes of 

the relative B1 field distribution for Al and Pb, respectively. (c) shows 

normalized versions of the H1 simulations as shown in Figs. 5(b)  for the Al 

B1
B1max



  

 

 
 
 
 

32 

strip. The x’ and y’ axes were rotated to overlap the x and y axes in order to 

facilitate the comparison of the simulation and experimental results. . 

 

Table 1. Propagation constants in a good dielectric and a good conductor. 

 

  Table 2. The physical properties of the metal strips employed in the 

experiments and in the simulations. 
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Figures: 
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Fig 5 

(a) H1x’ 

 
(b) H1y’ 
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Fig 6 
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  Table 1. 

 

 

 

 

Good dielectric 
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Good conductor 
2
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Attenuation constant, α 
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Phase constant,  β     
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Table 2. 

 

 

      Parameters            Al             Pb 

Conductivity, σ (S/m)         3.5 107          4.8 106 

Relative Permeability, μr        1.00002          0.99998 
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Graphical abstract 
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Highlights: 

 

� RF induced MRI artifacts were investigated experimentally and by 

simulation 

� We investigate artifacts by analyzing image distortions surrounding 

strip of metals 

� The strip geometry was chosen to mimic electrode in electrochemistry 

studies 

� The RF simulation results are in good agreement with experimental 

results 

 

 


