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Abstract

In high-field magnetic resonance imaging (MRI) systems, B0 fields of 7 and 9.4 T, the RF field

shows greater inhomogeneity compared to clinical MRI systems with B0 fields of 1.5 and 3.0 T. In

multichannel RF coils, the magnitude and phase of the input to each coil element can be controlled

independently to reduce the nonuniformity of the RF field. The convex optimization technique has

been used to obtain the optimum excitation parameters with iterative solutions for homogeneity in

a selected region of interest. The pseudoinverse method has also been used to find a solution. The

simulation results for 9.4- and 7-T MRI systems are discussed in detail for the head model.

Variation of the simulation results in a 9.4-T system with the number of RF coil elements for

different positions of the regions of interest in a spherical phantom are also discussed.

Experimental results were obtained in a phantom in the 9.4-T system and are compared to the

simulation results and the specific absorption rate has been evaluated.
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INTRODUCTION

High-Field magnetic resonance imaging (MRI) systems, with static B0 fields of 4, 7, and 9.4

T, have higher signal to noise ratios (SNR) and higher resolution in the images [1], [2]. The

frequency of the radio frequency (RF) excitation increases as 42.6 MHz/T for proton spins

with B0 field, and for the above static field values these frequencies are now approximately

170, 298, and 400 MHz, respectively. Assuming that the average relative permittivity εr is

approximately 70 in the human head [3], the wavelength is approximately 9 and 12 cm for

B0 fields of 9.4 and 7 T, respectively. Nonuniformity of the RF magnetic B1 field excitation

becomes a serious problem as the B0 field strength increases resulting in spurious contrast.

The B1 field inhomogeneity is small in clinical MRI systems with B0 fields 1.5 and 3.0 T.

Note that the  field is the component of the RF field B1 and the other  is the received

image component.
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To avoid spurious contrasts, MRI images require homogeneous  fields in the subject and

several investigations to minimize its nonuniformity have been published [4]-[11].

Traditional volume RF birdcage coils used in medical clinics with single channel excitation

do not provide the additional degrees of freedom required to change the  field

distribution. Multichannel RF coils with parallel transmission lines with optimum excitation

may alleviate the nonuniformity in the  field. A photograph of a multichannel

transmission line coil with individual elements is shown in Fig. 1(a). The amplitude and

phase of the currents driving individual coil elements may be varied to develop the desired

 field distribution, though in some cases only the amplitudes or phases have been varied

[2], [12].

This paper discusses two techniques of alleviating the inhomogeneity in  by choosing

sets of excitation parameters for the elements of RF multichannel coils. To determine these

parameters, the individual  map has to be obtained for the particular subject. The

extraction of  map from the image remains challenging in the high-field MRI systems

[13]-[15]. This distribution of the  varies with the subject and the optimization of the

multichannel coil element excitation has to be performed for the every particular subject,

and must be done rapidly.

In practice, it is difficult to obtain homogeneous  fields over the whole field of view for

systems with B0 field of 7 T and above. Instead, field uniformity is obtained over a region of

interest (ROI) [12], [16], [17] and the optimal excitation parameters of the coil elements

may be determined rapidly by convex optimization [18] or by the pseudoinverse method.

The need to obtain rapid solutions is critical to minimize the time the subject spends in the

MRI system. Additionally, convex optimization provides better  fields in specific

anatomic ROIs [19]. Although the results with convex optimization show these advantages,

problems still remain, including high fields at the edges of the ROI and inhomogeneity in

the suppression region. In our previous papers [20], [21], field localization results in the 9.4-

T system were presented by using the convex optimization method and in this paper, we

expand these and also provide optimization data in both 7.0- and 9.4-T MRI systems

including analysis of the results with a different number of channels of the RF coil. In

addition, the pseudoinverse method based on the singular value decomposition solution is

used to find the optimal weights and compared to the convex optimization. The simulation

results are compared with experiment in a spherical phantom in the 9.4-T system, in this

case the specific absorption rate (SAR) is also evaluated.

In this paper, a modified approach of the convex optimization method with the addition of

an iterative scheme is proposed. Next, the results of the pseudoinverse method are compared

to those of the iterative convex optimization method. The results of the application of the

methods to the 9.4-T system are compared to those in the earlier 7.0-T system. A cylindrical

phantom, which results in a circle in an axial section is next used in the simulations and the

optimization results for a 16-channel coil are compared to those from a 32-channel coil for

the 9.4-T system. Finally, an experiment was performed using an eight-channel transmission

line coil with a spherical phantom and the results confirm the theoretical predictions.
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METHODOLOGY

The circularly polarized component of the RF B1 magnetic field inside the object is defined

as [22]

(1)

where , Bx and By are the complex vectors of x and y directional RF magnetic fields,

respectively. Bx and By are obtained by finite difference time-domain (FDTD) numerical

simulations using the REMCOM XFDTD software (2 × 2 × 2.5 mm3 resolution). These

simulations were performed at 300 and 400 MHz for the 7- and 9.4-T MRI system,

respectively, in a head model and also in a phantom for a multichannel transmission line

(TEM) coil [4]. The human head model developed by the REMCOM is a realistic and

heterogeneous human head including 20 different tissue types (e.g., skin, blood, fat, muscle,

gray matter, white matter, cerebrospinal fluid, and so on).

A. Convex Formulation

As shown in Fig. 1(b), the simulated  field is very inhomogeneous at 400 MHz with

uncontrolled 16 port excitations. The primary objective of this study is to increase the  in

a specific target region and also decrease the  in the region outside, which is the

suppression region [20], [21]. Since the  field is proportional to the weights which is the

linear amplitude and phase of the excitation current at each element, the circular positive

polarized transmit field with wi at the ith element may be written  for the total

field representation. The following are basic convex formulations which satisfy the initial

objective:

(2)

where  and  represent  in the suppression region and at the center of the ROI,

respectively. Equation (2) states the constraints for solving for the optimum w while still

minimizing the maximum value of  in the suppression region by setting the center value

of  to unity. From the aforementioned formulation,  fields are more significant

in determining the optimum w, since  consists of a large number of field points, whereas

 is the field at only one point. Under these constraints, an appropriate selection of  is

required to obtain homogeneous suppression outside the point c, which alleviates anomalous

contrasts. The solution w in (2) was calculated by CVX, which is a MATLAB routine for

convex optimization programming and the newest version, SDP3 solver, is used [23]. To

find the optimal , an iteration algorithm is used in combination with the convex

formulation according to the flow chart.
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B. Iterative Scheme

Based on the aforementioned convex optimization criterion, the selection of  is critical

to obtaining the value of w at the given . This is because these vector fields are

correlated with each other in terms of the solution of w. The homogeneous coefficient H in

the suppression region is defined as

(3)

where M(w) is an absolute mean value of the sum of all the elements of  and n is the

number of pixels in the suppression region. The homogeneous coefficient H represents the

sum of the elements of , the homogenous field in the suppression region, and

the lower H implies better homogeneity. The basic concept for the iteration algorithm is to

minimize H.

As shown in Fig. 2, the iterations are performed by comparing the new homogeneous

coefficient Hnew of the solution to Hold of the previous solution. The modification is

repeated by searching the values close to  near to the target region and excludes

those vectors in the next iteration. The vectors with large  near the target region

cause spikes in the results. Therefore, discarding these vectors from the min–max convex

optimization problem promotes RF field homogeneity. Each iteration takes approximately 4

s and overall computation time for 12–14 iterations is less than a minute (Intel Core2 Duo

CPU 2.53 GHz). Efficient and fast solutions are particularly important when living human

subjects are to be imaged because of the limited time between patient movements. Since the

field maximum at the center of the target ROI is held to unity, it is reasonable that the fields

near the center are close to unity and will decrease as the distance from the center increases.

Accordingly, it is also important to observe the distance when  is is obtained. This

decay length depends on the static field strength B0 and a longer length may be predicted at

lower B0 intuitively, it is related to the wavelength of the Larmor frequency in the ROI. By

applying this property to the modification of , the relation which produces poor

homogeneity between the object and subject function may be eliminated and better

homogeneity in the suppression region can be obtained. The importance of the  field

homogeneity in the suppression region is for two reasons, the first is to reduce the spurious

 peak in the ROI periphery, which results in better image contrast. Second, the overall

input power may be reduced by alleviating useless  field distribution and normalizing

details are discussed in the simulation results below.

C. Pseudoinverse Method

The total field representation at a point in the human head model is 

where N is the number of coil elements, p is the number of pixels. Then, a set of linear

equations in the matrix form can be written as
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(4)

where elements of [D] are desired fields in the field of view. N = 16 and p = 6710 are used

in simulations. Note that N = 16 means 31 degrees of freedom because each coil element has

real and imaginary currents (16 amplitudes and 15 relative phases). Ideally, homogeneous

 fields over the whole field of view are required (i.e., D1 = D2 = ··· = Dp), however, it is

difficult because the number of 2N is much less than the number of equations p. Instead,

desired  fields can be localized by defining elements of [D] as

(5)

where Dr and Dn are normalized fields in the localized region and the nonlocalized region,

respectively, and n = 1,..., p, but r ≠ r. With the choice of elements in [D], (4) can be solved

by using the pseudoinverse (or called generalized inverse) because  is a rectangular

matrix. This approach comes from the singular value decomposition solution to a set of

simultaneous linear equations  and the solution is the vector of smallest norm

that minimize  such that

(6)

where the superscript pinv. denotes the pseudoinverse.

II.SIMULATION RESULTS

The REMCOM XFDTD software was used to obtain the simulated  field distribution for

the 7 and the 9.4-T MRI systems at 300 and 400 MHz, respectively. Since the Bx and By

complex data are generated from a single coil element of the 16-channel head coil, the total

 obtained by duplicating 16 datasets after transposing these geometrically for a

symmetric phantom. For the head model, all single element excitations need to be simulated

separately. All  field components were generated in the axial plane section through the

center of each subject with 120 × 120 and 90 × 90 grid points for the human head model and

the phantom, respectively. When these values are calculated, the amplitude of the drive to

each coil element is set to unity and the phase set to zero.

A. Human Head Model

The results from the FDTD simulations on the human head model at 9.4 T are shown in

Figs. 3, 4, 5, and 6. In these figures, the axial slices of the center of human head model are
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provided by XFDTD (version 6.0, Remcom, State College, PA). Figs. 3 and 4 show an

improvement of the homogeneity in the suppression region when the target region [dark

brown in Fig. 3(b)] is in the center. To alleviate the inhomogeneous  field distribution in

Fig. 3(a), the proposed method is applied for the field localization with the ROI in the

center. As shown in Fig. 3(c), this  distribution comes after solving (2), based only on

the mask in Fig. 3(b). Although the  field is desirable in the target region, it is not large

enough to distinguish it from the noise of the whole region; this is due to poor homogeneity

in the suppression region. To avoid this, the modified  from new excitation parameters is

applied iteratively. As seen in Fig. 3(c)– (f), the homogeneity is improved significantly,

whereas  on the target remains almost constant. In particular, these iterations reduce

spurious spikes  of view [see Fig. 4(b) and (c)]. The iterations of convex optimization

are performed until the decrease of the homogeneity coefficient H becomes saturated. It also

makes the absolute mean value M(w) in the suppression region somewhat larger [see Fig.

4(a)]. When the ROI moves to the edge of the field of view, the results are shown in Fig. 5.

Similarly,  results after iterations of convex optimization are shown in Fig. 5(c) and (e).

The homogeneity in the suppression region is improved, but not as much as when the ROI

was centered because of the lack of symmetry. Since weights are designed for the ROI

located at the left, the opposite location has a relatively low  field [see Fig. 5(b) and (c)].

As the target moves to the edge, this lack of symmetry becomes apparent and the coil with

fewer channel coil elements may result in poor SNR images. To confirm this expectation,

eight-channel head coil results are simulated and compared with 16-channel results in Fig. 6.

B. Pseudoinverse Method Versus Iterative Convex Optimization Method

The pseudoinverse method is used to localize  fields. As expected from (4) and (5),

these results have good localizations in the ROI but inhomogeneous fields are distributed in

the non-ROI regions as shown in Fig. 7(b). Since this method is based on matrix

computations the solution w can be calculated within a few milliseconds. Compared to

results obtained by the iterative convex optimization method [see Fig. 7(c)], the

homogeneity coefficient of the pseudoinverse method for both ROI at the center and off the

center is higher. The pseudoinverse method provides high  in the ROI whereas the fields

are fully suppressed in the non-ROI when ROI is off the center. It will be shown in detail in

a subsequent paper that this property can be used to improve homogeneity over whole field

of view.

C. 9.4 T Versus 7 T Formula Fields Inhomogeneity

As the B0 magnetic field strengths increase, inhomogeneous B1 fields are expected to be

higher due to interference effects in the human tissue. In particular, when a multichannel

head coil with the same amplitude and phase of each coil is driven, the difference in

inhomogeneity is observed in the simulated  results (see Fig. 8). The weakest  area,

the blue colored, in 7 -T simulations is much larger than it is in 9.4.-T simulations. In terms

of the homogenous coeffficient, the  result at 9.4 T is 38% less homogeneous than the

simulated  result at 7 T. This lower homogeneity coefficient at 7 T means the target
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region (ROI) may be larger with the convex optimization. Compared to 9.4 T simulations in

Figs. 3-6, Fig. 9 confirms this property, and should be considered when the target region size

is selected. The detailed comparison of the target region size is analyzed by counting the

number of pixels in the ROI. Table I shows that the number of pixels for 7 T is almost

double the number of pixels for 9.4 T in each case. These findings explain that lower field

strength systems provide larger ROIs for the B1 field in the head, virtually the whole field of

view.

D. Phantom Model

A 3-L sphere, with permittivity of 80 and conductivity of 1.1 S/m, is used as the phantom

model for simulations [3]. The phantom model simulations are performed to compare the

performance of a 16-element with that of a 32-element coil in a 9.4-T system. Similar to the

human head model, the axial slice at the center of the phantom is used for the simulations.

The phantom studies are different from the head model, as the phantom is perfectly

symmetrical and less computational effort is required.

Fig. 10 illustrates the  field distributions depending on the position of the ROI and

compares the results from the 16 and 32 channel coils. In this simulation, three positions of

the ROI are chosen as shown in Fig. 10(a). To solve the convex formulation in (2),  is

defined at the center of the ROI, initial  fields contain all  except in the ROI. With

this choice, the simulation results for the central ROI show very similar results for both

coils. When the ROI is located near the edge homogeneity in the outside ROI is poorer,

especially for the 16-channel coil excitations [see Fig. 10(b)]. By applying the iterative

method, Fig. 10(c) shows homogeneity improves by about 15 %, this is not acceptable. The

32-channel results are much better when compared to those from the 16-channel coil for all

positions of the ROI. The homogeneity coefficient is also reduced by approximately 25–

30% with the iterative method as shown in Fig. 10(d) and (e).

III. EXPERIMENTAL RESULTS AND FUTURE WORK

An experiment was performed using an eight-channel TEM head coil at the 9.4 T, 65-cm

diameter bore system, with an asymmetric 40-cm diameter head gradient and shim set [2].

The phantom consists of a spherical container of 99-mM NaCl solution in water and its

diameter is about 15 cm as discussed earlier. To collect a  map, the double angle method

was used [13]. With this method two scans are collected with different flip angles and an

arcsin is applied to the ratio of the two. The normalized  fields obtained for three

different ROIs after convex optimization with the iterative method are shown in Fig. 11 and

it shows a good agreement between simulations and experiments in the target. The

agreement in the suppression region is relatively poor as only eight-channel coils are used in

the measurement, and 16- and 32-channel experiments are not realizable at the current time.

The pseudoinverse method was used for simulations in this experiment but it did not show

good localizations due to fewer channel coil elements. Fig. 11(d) also shows the normalized

values of the SAR defined by
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(7)

where σ and ρ are the conductivity and the mass density of the phantom, respectively. The

SAR results are slightly different along the edge of the phantom corresponding to the

different ROIs. In general, the local SAR should be considered when B1 shimming is

implemented. The RF shimming with the requirement of minimum SAR is the ultimate goal

but both constrains cannot be satisfied in the convex formulation. Only preliminary results

of the SAR calculations are included in this paper.

IV. CONCLUSION

High-field MRI systems offer advantages for numerous biomedical applications including

high-resolution imaging of the human body. However, these systems have inhomogeneous

 field distributions since the wavelengths become smaller than the body. The RF  field

localization through convex optimization with an iterative method has been discussed by

simulations on both the human head model and the spherical phantom with the multichannel

TEM coil for the 7- and 9.4-T MRI systems, at 300 and 400 MHz, respectively. The

pseudoinverse method has been also discussed and compared to the convex optimization by

simulations. Excitation parameters of the coil elements were determined to obtain good 

fields in ROIs. The previous convex optimization without iterations generates  fields in

the target region, but has poor homogeneity in the suppression region. By applying the

iterative method to the convex optimization, however, better homogeneity in the  fields is

obtained in the suppression region for both 9.4 and 7 T MRI systems. Simulations and

experimental results show homogeneous ROIs obtained after the proposed method was

implemented. Variations with the number of elements and different ROIs, and the SAR

evaluation in the phantom have also been discussed.
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Fig.1.
(a) Multichannel transmission line [transverse electromagnetic (TEM)] head coil and (b)

 results at 400 MHz (9.4 T).
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Fig. 2.
In the flow chart of the iteration algorithm, the tolerance is compared between Htrial and

Hnew after the modification of  and it can be chosen depending on Htrial. Each iteration

takes less than 4 s.
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Fig. 3.
FDTD human head model results at 9.4 T (400 MHz) when the 16-channel head coil is used.

(a) Initial  field distribution without optimizations. (b) Head model mask and the ROIis

in the center. (c)  result with the convex optimization (1 iteration). (d)–(f)  results

after applying 3, 9, and 12 iterations.
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Fig. 4.
(a) Homogeneous coefficient H and the absolute mean value M(w) in the suppression region

depending on the number of iterations. (b)  3-D view with the initial convex

optimization. (c)  3-D view after 14 iterations and it shows a lot of  fields are he

edge. suppressed, especially at the edge.
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Fig. 5.
FDTD human head model results at 9.4 T (400 MHz) when the 16-channel head coil is used.

(a) Head model mask and the ROI is shifted to the left. (b) and (d)  results with the

initial convex optimization (1 iteration). (c) and (e)  results after 14 iterations.
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Fig. 6.
FDTD human head model results at 9.4 T (400 MHz). (b) 8-channel and (c) 16-channel

TEM head coil are used. Note that more homogeneous suppression regions in the 16-

channel simulations are obtained. (a) Mask. (b)  with 14 iterations 〈8 channel TEM head

coil〉 . (c)  with 14 iterations 〈16 channel TEM head coil〉.
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Fig. 7.

 localized results at 9.4 T (400 MHz) by the pseudoinverse and iterative convex

optimization methods. Note that the 16-channel head coil is used and each  map has been

normalized to its own maximum value. (a) Mask. (b)  〈Pseudoinverse〉.(c)  〈Convex

optimization〉.
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Fig.8.

 simulated results when all weights are unity w1 = w2 = ··· = w16 = 1. H is a

homogenous coefficient in the whole region due to no ROI. (a)  at 400 MHz (9.4 T). (b)

 at 300 MHz (7 T).
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Fig. 9.
FDTD human head model results at 7 T (300 MHz) when the 16-channel head coil is used.

The relatively larger target regions in the 7-T simulations are obtained. (a) Mask. (b) 

with 1 iteration. (c)  with 14 iterations.
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Fig. 10.
FDTD results at 9.4 T (400 MHz) in a phantom model. The 16-channel [(b) and (c)] and 32-

channel TEM head coil [(d) and (e)] are used. Note that more homogeneous suppression

regions in the 32-channel simulations are obtained.
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Fig. 11.
Simulated and experimental results at 9.4 T (400 MHz) in a spherical phantom. Measured

 fields are obtained for three different regions with the iterative method. (a) Mask. (b)

Simulated . (c) Experimental . (d) SAR.
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