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Abstract

This work presents a 3D tailored RF slab-select pulse for reducing the B1 field inhomogeneity at

3T and possibly higher applied field strengths. The small tip angle approximation is used to design

a compensated 3D slice profile from a map of the B1 inhomogeneity. The SNR improvement and

degree and artifact reduction were evaluated in NiCl2 doped phantom experiments. The method

was also implemented in-vivo in the human brain where it was found to be effective in reducing

inhomogeneities as large as 35% of the peak image magnitude in all three spatial directions in the

brain. The main drawback of the technique is long pulse lengths.

INTRODUCTION

The use of high static magnetic fields (B0) such as 3T and 4T and even ultra-high fields such

as 7T and higher is of current interest in human MRI applications. The advantages of a high

B0 include increased SNR (1-3) and increased contrast to noise ratio for functional MRI

(4-7). However, a major disadvantage of a high B0 is image artifacts from increased RF field

(B1) inhomogeneity (8-11). This is a result of the B1 wavelength becoming comparable to

the size of the imaged object as the wavelength decreases with increasing B0. This problem

is worsened by the interaction of the RF field with the dielectric and conductive properties

of the human body, which further reduce the wavelength and attenuate the amplitude. The

resultant standing wave and penetration behavior of the B1 effectively leads to a spatial

distribution of flip angles and receiver sensitivities, producing areas of increased and

decreased magnitude in the images.

Several methods have been proposed to mitigate B1 inhomogeneity artifacts including novel

RF coil designs (12-14), adiabatic RF pulses (15), small tip angle 2D tailored RF pulses

(16,17), and using active transmit power modulation (18). Although improving the RF coil

performance is clearly a necessary step for homogeneous transmission and reception, it may

be unlikely that coils alone will be able to remove all inhomogeneity because the effect also

depends on the sample’s geometry and its physical properties. Adiabatic pulses are
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problematic for many imaging applications because of increased power deposition or SAR

in the subject. The 2D tailored RF pulse method does not provide a complete 3D correction

and uses an approximation to the field inhomogeneity. For the active transmit power

modulation technique, the B1 profile was first measured along z-axis and then compensated

by scaling the RF transmitter power as a function of slice position. This method works well

if coil geometry effects are the more dominant source of B1 inhomogeneity than the

sample’s dielectric or conductive properties.

We propose a novel method to reduce the B1 inhomogeneity at 3T and possibly higher

magnetic field strengths using 3D tailored RF (TRF) pulses (19-22). The pulses use a 3D

map of the B1 inhomogeneity acquired in-vivo as a pre-scan and are implemented as slab-

select pulses for 3D imaging. Compared to our previous work using 3D TRF slice-select

pulses for susceptibility artifact reduction, the slab-select 3D TRF implementation is more

practical because it allows for relatively short pulse lengths. Furthermore, the spatial

variation of the B1 inhomogeneity is slow enough that only a low-resolution map is required,

which further reduces the length of the pulse. Below we demonstrate the technique with

imaging experiments using a NiCl2 doped phantom and normal human brains in vivo at 3T.

THEORY

Ignoring relaxation and off-resonance, the MR signal at time t for a gradient echo and small

tip angles α(r) can be written as

[1]

In the above equation, V is the volume of the coil, Gacq(s) are the acquisition gradients, W(r)

is the spatial weighting due to selective excitation, and C(r) is the coil receive sensitivity.

The spatial dependencies of α(r) and C(r) reflect the effects of an inhomogeneous B1 field

and will be present in the reconstructed image I(r) of the spin density ρ(r):

[2]

Although the exact form of the above equations depends on the specific details of the

acquisition, hardware, and reconstruction, they are generally applicable to methods

described here.

The B1 inhomogeneity artifacts in I(r) can be reduced by designing 3D TRF pulses using the

small tip angle approximation (23). The small tip angle approximation equates the pulse

waveform P(t) to the Fourier transform of the desired slice profile W(k(t)), weighted by the

k-space velocity produced by the gradients G(t) applied during excitation:

[3]

This equation is technically valid for tip angles less than 30° and is found to hold well for

angles on the order of 90° (24). In the above equation, W(k(t)) is defined as
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[4]

The excitation k-space trajectory k(t) is equal to the area remaining under the gradients at

time t and the end of the pulse T. Any arbitrary W(r) can be tailored provided that sampling

requirements are met by k(t). The practical issue is that often a pulse of unreasonable length

is needed to excite a profile W(r) with the desired resolution and no aliasing and

implementation of 3D TRF pulses often requires a multi-shot modality (21). It can be seen

from Eq. [2] that the B1 inhomogeneity can be removed if the excitation profile is tailored to

have the spatial distribution

[5]

In this equation W0(r) is the desired uniform 3D slice profile. Either in vivo measurements

or theoretical calculations of α(r) and C(r) can be used.

METHODS

Pulse Construction

The 3D TRF pulses were designed for a General Electric (GE Medical Systems, Waukesha,

WI) 3T imaging system with a standard head coil and a body gradient with a 150 T/m/sec

slew rate and a 40 mT/m peak. A two-shot interleaved stacked-spiral k-space trajectory was

used for the excitation. Figure 1 shows a diagram of a two-shot stacked-spiral trajectory

where the solid and dashed lines represent each shot. The excitation profile W0(r) was a

Fourier transform of a sinc function (a “rect” function) along z and a Fermi function along

the in-plane coordinate ρ:

[6]

In this equation, z0 and 2ρ0 are the effective slice thicknesses along z and ρ, respectively,

and w is a parameter that controls the steepness of the edges of the Fermi function. Equation

[6] represents a profile that is essentially a cylinder. The rect function was smoothed with a

Hamming filter to reduce ripple along the z-direction. The slab thickness z0 was 10 cm and

the in-plane radius ρ0 was 12 cm. It is convenient to describe 3D TRF pulses by an

“excitation resolution” and an “excitation FOV” in the xyz-directions. These were

1.25×2.0×2.0 cm3 and 20×24×24 cm3, respectively. The excitation resolution determines the

degree to which small changes in the slice profile can be tailored and the excitation FOV

determines the separation between slice aliases. The resultant pulse length was

approximately 11 ms for each shot. Figure 2 shows Bloch equation simulations of the profile

W0(r) plotted versus x-y and x-z using the 3D TRF pulse at a 20° flip angle. The 3D TRF

pulses were inserted into a standard 3D stacked-spiral (25) pulse sequence for use on the

scanner.
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Maps of the B1 inhomogeneity were acquired in vivo as part of the pre-scan procedure. The

maps were generated from 3D images acquired over the same FOV as the pulse, smoothed

down to match the pulse resolution: 16×12×12 matrix size over a 20×24×24 cm3 FOV. The

effect of the smoothing process can be understood from Eq. [2]. By reducing the resolution

of I(r), the spin density becomes approximately uniform and the resultant image M(r) is a

map of the coil sensitivity times the flip angle:

[7]

The excited slice profile was assumed to be uniform (W(r) = W0(r)). The smoothing of the

3D image was done using a Gaussian filter with the full width at half maximum matched to

the excitation resolution of the pulse. Equations [3], [5], and [6] were then used to determine

the correct 3D TRF pulse profile. In practice, however, the division required by Eq. [5]

produced singularities and errors amplified by noise in the measurement of M(r). Therefore,

it was found for a simple proof of concept to be more convenient to either window or

subtract out the mean of M(r) such that

[8]

In this case the desired profile is determined by

[9]

The approximation in Eq. [9] holds if ΔM(r) is small compared to unity. Figure 3 (a) shows

an example of a 3D image from a human brain displayed as sixteen 2D slices and (b) shows

the smoothed and windowed image approximating ΔM(r). Figure 3 (c) shows the uniform

profile W0(r) and (d) shows the compensated profile W(r). Figure 4 shows an example of

one shot from a two-shot 3D TRF pulse using W(r) as input. Figure 5 shows Bloch equation

simulations of the profile W(r) plotted versus x-y and x-z using the 3D TRF pulse at a 20°

flip angle. Compared to Fig. 2, these profiles now excite the inverse of the spatial variation

due to B1 inhomogeneity. All of the image processing and pulse construction programs were

written in Matlab (The Mathworks Inc., Natick, MA) running on the scanner console.

Imaging Experiments

Phantom and human imaging experiments were performed to test the method in vivo. The

3D TRF pulse parameters and construction methods were identical to that described above

other than the flip angle used. The phantom experiments used a 20 cm NiCl2 doped TLT

phantom where a substantial amount of B1 inhomogeneity was observed at 3T. The 3D

stacked spiral acquisition had a 64×64×16 (xyz) matrix size, TR = 50 ms, TE = 8 ms, and

FOV = 24 cm. Phantom images were acquired using a standard 10 cm (minimum phase

SLR) slab-select pulse and the 3D TRF slab-select pulse with B1 inhomogeneity

compensation. A flip angle of 25° was used. The amplitude P(t) of the 3D TRF pulses was

adjusted manually during pre-scan to obtain the correct flip angle compared to the

conventional slab-select pulse. Experiments were also performed on three normal human
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volunteers in different scan sessions. Similar to the phantom experiments, a standard slab-

select pulse and a 3D TRF pulses with B1 inhomogeneity compensation, both with a 25° flip

angle, were used. The 3D stacked spiral acquisition had a 128×128×64 resolution using four

spiral interleaves, TR = 50 ms, TE = 8 ms, and FOV = 24 cm.

RESULTS

Figure 6 (a) shows a 3D image of the NiCl2 phantom displayed as a series of sixteen 2D

slices acquired using the standard slab-select pulse. Note that the images have decreased

magnitude near the outer edges due to inhomogeneity in the B1 field. Figure 6 (b) shows an

image of the same phantom acquired after being excited by a 3D TRF pulse with B1

inhomogeneity compensation. The resultant images have a more uniform magnitude. A 1

cm3 ROI was taken near the edge of the phantom where a large degree of B1 inhomogeneity

was present. The SNR in the ROI was measured as 88.4 and 55.6 from the images excited

by the 3D TRF and standard slab-select pulse, respectively. Plots of the image magnitude

profile through the center of the phantom along the L-R direction are plotted in Fig. 7 (a).

The solid and dashed lines are the profiles through the phantom with and without using the

3D TRF pulse. The profile using the 3D TRF pulse shows a flatter profile with recovered

image magnitude near the edges. A plot of the difference between the solid and dashed lines

in (a), normalized to maximum of the image acquired without the 3D TRF pulse, is shown in

(b).

Figure 8 (a) shows a representative 3D image from one of the human subjects displayed as a

series of 2D slices acquired using the standard slab-select pulse. The images are brighter in

the center than at the edges due to B1 inhomogeneity. Figure 8 (b) shows the same 3D image

in the same subject acquired using the 3D TRF slab-select pulse. The images show a more

uniform image magnitude than those acquired with the standard slab-select pulse. Figure 9

shows the same 3D image displayed as 2D slices along the axial, sagittal, and coronal

directions through the center of the volume. Column (a) and (b) are the images acquired

without and with the 3D TRF pulse, respectively. Column (c) shows images of the

difference between columns (a) and (b) windowed between −0.35 and 0.35. In (c) the

images were first normalized to the maximum magnitude of the image shown in (a) before

subtraction. These images show that the 3D TRF pulse was able to compensate for

variations as large as 35% of the peak image magnitude.

DISCUSSION

This work shows that anatomically accurate maps of the flip angle and coil receive

sensitivity can be used to construct small tip angle, slab-select 3D TRF pulses that

compensate for B1 inhomogeneity in all three spatial directions. We were able to design

pulses that reduced B1 inhomogeneities on the order of 35% of the peak image magnitude in

the human brain over a 24×24×20 cm3 FOV at 3T. The method was implemented on a

standard scanner and required no special hardware. We approximated the flip angle and

receive sensitivity maps with a smoothed low-resolution anatomical image. The smoothing

removed differences in image intensity from anatomical features, leaving only the variation

due to B1 inhomogeneity. The results above indicate that this is adequate at 3T with the
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added advantage that both the flip angle and receive sensitivity variations are present in the

image and do not need to be acquired separately. A higher field implementation, however,

may require an explicit measurements of the two maps due to their potentially unique spatial

distributions (26,27) and larger flip angles. We also found it simpler to use Eq. [9] where the

fraction of inhomogeneity present in the image was subtracted to obtain the desired

excitation profile as opposed to dividing. This approach was adequate for a proof of concept

but required that the amplitude of the pulse be increased to match peak image magnitude of

the uncorrected image to maintain SNR. This can be seen in the plot shown in Fig. 7 (a)

where the center magnitudes of the phantom images were matched by increasing the

amplitude of the 3D TRF pulse. Due to scanner time constraints, this was not done in the

human experiments where the images acquired with the 3D TRF pulses were more uniform

but had decreased SNR. This SNR loss can be easily remedied by increasing the pulse

amplitude as in the phantoms. Further work is being pursued to find spatial maps of the flip

angle and receive sensitivity in vivo. There are no known safety concerns using this method.

The SAR is not to an issue with these pulses, despite their length, because the majority of

the peak B1 occurs only for short intervals at the spiral k-space centers along the length of

the pulse. These sharp peaks in B1 can be seen in the top row of Fig. 4. A potential problem

is that the scanner hardware may not be able to achieve the peak B1 needed to obtain the

desired flip angle in a region with very large inhomogeneity. This will be a concern in a

higher field implementation where the degree B1 inhomogeneity is more severe. It may be

likely at higher fields a combination of an innovative coil design (12,13) and a tailored RF

pulse will prove to be effective or possibly the pulse construction algorithms need to be

recast using peak B1 as a constraint.

The major limitation of the 3D TRF method remains that pulse lengths are often

impractically long due to sampling requirements. Pulses on the order of 80 ms were needed

in our previous work addressing susceptibility artifacts. This problem can be overcome with

a multi-shot approach at the expense of increased image acquisition time. In the application

of correcting the B1 inhomogeneity in a 10 cm slab at 3T, however, the pulse sampling

requirements are not as severe due to the slower spatial variations of the B1 inhomogeneity.

We found that a single pulse on the order of 22 ms, which excited slab with 1.25×2.0×2.0

cm3 resolution over 20×24×24 cm3 FOV, was more than sufficient. Implementation in the

stacked spiral acquisition required that the pulse be decomposed into two 11 ms long

excitations to reduce off-resonance effects. In spite of the two-shot implementation, the

acquisition obtained nearly whole brain coverage with a 2 mm3 isotropic resolution in 51

seconds. Increasing the resolution to 1 mm3 would bring the acquisition time to just less

than 7 minutes (approximately eight times longer). A factor of two in acquisition speed

could be obtained by developing a single-shot implementation of the 3D TRF pulse. It is

likely that an excitation with a lower map resolution would have worked adequately,

requiring a 3D TRF pulse shorter than 22 ms. However, the resolution we chose was based

more on the sampling needs of the uniform slice profile function W0(r). Although the use of

smoother functions for W0(r) would reduce pulse length, the edges of the slice profile would

be less steep.
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The slice profile along the slab-select direction of the 3D TRF pulse used in this work was

already not as sharp as the minimum phase SLR slab-select pulse and required 25% over-

sampling to remove aliasing. Poor slice profiles are a drawback of this technique. Future

work is aimed at addressing pulse lengths including the use of parallel transmitters and

transmit SENSE techniques to reduce pulse lengths (28).

CONCLUSIONS

This work presents a novel 3D tailored RF pulse method that uses anatomical maps of the

flip angle and coil receive sensitivity to compensate for B1 inhomogeneity in all three spatial

directions. We were able to design 10 cm thick 3D TRF slab-select pulses that reduced B1

inhomogeneities as large as 35% of the peak image magnitude over a 24×24×20 cm3 FOV at

3T The method was implemented on a standard scanner and required no special hardware. A

10 cm thick slab with 2 mm3 isotropic resolution could be acquired in under a minute using

the pulse with a four-shot stacked spiral sequence.
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FIG. 1.
Diagram of a two-shot 3D stacked spiral k-space trajectory used for the 3D TRF pulses.
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FIG. 2.
Mesh plots of the excited magnetization W0(r) in the x-y (a) and x-z (b) directions generated

from Bloch equation simulations using a 3D TRF pulse as input.
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FIG. 3.
Three-dimensional images displayed as slices of a human brain and subsequent slice profiles

used for the 3D TRF pulses. (a) Initial brain images acquired for input into 3D TRF pulse

algorithm. (b) Smoothed and windowed brain images used to approximate the degree of B1

inhomogeneity ΔM(r). (c) Desired uniform slice profile W0(r). (d) Modified slice profile

W(r) generated from M(r) used to excite a uniform slice profile.
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FIG. 4.
Diagram of one shot from a two-shot 3D TRF pulse with B1 inhomogeneity compensation

tailored into the pulse. The rows from top to bottom are the real part of the RF, the

imaginary part of the RF, the x-, y-, and z-gradients, respectively.
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FIG. 5.
Mesh plots of the excited magnetization W(r) in the x-y (a) and x-z (b) directions generated

from Bloch equation simulations using a 3D TRF B1 inhomogeneity compensated pulse as

input.
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FIG. 6.
Three-dimensional images at 3T of a uniform NiCl2 phantom displayed as slices. (a) Image

excited with a standard sinc-shaped slab-select pulse. (b) Image excited with the 3D TRF B1

inhomogeneity compensated slab-select pulse.
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FIG. 7.
(a) Plot of the profile along the L-R direction through middle of the volume shown in Fig. 6

(a) and (b) shown with dashed and dotted lines, respectively. The image excited with the 3D

TRF pulse shows a more uniform image magnitude between the edges and the center. (b)

Plot of the normalized difference between the profiles shown in (a).
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FIG. 8.
Three-dimensional images at 3T of a human brain in vivo displayed as slices. (a) Image

excited with a standard slab-select pulse. (b) Image excited with the 3D TRF B1

inhomogeneity compensated slab-select pulse. The image excited with the 3D TRF pulse

shows a more uniform image magnitude between the edges and the center.
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FIG. 9.
Center slices through a 3D image of a human brain acquired at 3T. The slices are displayed

as axial (top), sagittal (middle) and coronal (bottom) 2D images. The images in column (a)
and (b) were acquired with a standard slab-select pulse and a 3D TRF pulse, respectively.

Column (c) shows images of the normalized difference between columns (a) and (b)

windowed between −0.35 and 0.35.
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