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Introduction

A straightforward principle to increase signal to noise ratio 
(SNR) in 1H magnetic resonance imaging (MRI) acquisitions 
is to increase the main magnetic field, which determines 
the operating Larmor frequency. Because of this, there has 
been a growing interest in pursuing MRI at 7T to achieve 
improved spatial resolutions and/or enhanced contrast. 
However, technical challenges arise at such high magnetic 
field, including increased transmit B1 (B1+) inhomogeneity 
due to the shortened RF wavelength becoming similar to 
or smaller than the size of the imaged object, and elevated 
RF power deposition in tissues [i.e., specific absorption rate 
(SAR)] (1,2). Fast, robust and practical methods therefore 
must be developed to address these issues especially when 
considering clinical applications of body MRI at 7T (3). 
To date, static B1 shimming (4), consisting of applying a 

complex coefficient (denoting RF phase and magnitude 
modulation) specific to each individual channel of a transmit 
array, has successfully been used to address these problems 
at 7T in several targets including heart (5), prostate (6), 
kidneys (7) and hips (8). However, obtaining a uniform 
B1+ field at 7T using static B1 shimming over the longest 
dimension of large organs such as the liver is extremely 
challenging (9), if not impossible. Furthermore, such B1 
shim solutions typically come at the cost of very low RF 
efficiency due to high levels of destructive interferences (10),  
yielding SAR values beyond acceptable limits.

On the other hand, parallel transmit (pTX) (11-15) 
combined with multi-spoke (16,17) or kT-point (18) RF 
pulses allows for larger degrees of freedom to address 
B1+ inhomogeneity and holds great potentials to create a 
homogeneous excitation even over a large target. Whereas 
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some studies have shown that liver imaging at 7T could 
be improved either by using a single static B1 shimming 
solution (19) or by collecting two interleaved datasets each 
obtained with a distinct static B1 shimming solution (20), 
our interest was to further improve excitation homogeneity, 
within a single image acquisition, through the largest axial 
section of the liver at 7T. To this end, we employed multi-
spoke pTX RF pulse design previously demonstrated 
capable of providing satisfactory B1+ homogenization for 
slice-selective RF excitation in brain imaging at 7T (21) 
and above (22), as well as we investigated the impact of 
the number of spokes on RF excitation performance by 
comparing liver images obtained using different pulses. A 
robust multi-channel B1+ mapping technique (23) suitable 
to satisfy speed and robustness requirements for clinical 
applications was utilized, enabling B1+ mapping of eight 
transmit channels to be accomplished within a single breath 
hold. Some initial results of this study have been partially 
reported in the format of a conference abstract (24); in the 
current paper we present a more complete and detailed 
report of this work together with more advanced results.

Materials and methods

All experiments were performed on a 7T, 90-cm-bore MR 
scanner (Magnex, Oxford, UK) equipped with whole-body 
gradient coils with a maximum gradient strength of 40 mT/m  
and a maximum slew rate of 170 T/m/s. The scanner was 
driven by a Siemens prototype pTX system (Siemens, 
Erlangen, Germany) with eight independent RF transmit 
channels, each powered by a 1 kW RF amplifier (CPC, 
Hauppauge, NY, USA). An eight-channel stripline body 
array (25) was used for both RF transmission and reception, 
which consisted of two (anterior and posterior) plates each 
with four coil elements.

In addition to the standard MR console RF power 
monitoring system measuring the forward and reflected 

power for each of the eight transmit channels, a similar RF 
power monitoring system was developed in-house. The 
eight RF power amplifiers were equipped with a directional 
coupler providing an attenuated version of the output 
waveform, of which the power envelope was continuously 
sampled by a calibrated ADC board. The system was 
maintaining a 10-sec and 6-min moving average and would 
immediately disable all RF amplifiers and terminate the MR 
pulse sequence if the mean power exceeded a predefined 
wattage threshold. Thresholds were conservatively 
determined against the worst-case scenario, assuming all RF 
coil electric fields to add constructively in the sample.

All computations, including RF pulse design and Bloch 
simulations, were conducted in Matlab (MathWorks, Natick, 
MA, USA). Healthy volunteers who signed an IRB-approved 
consent were recruited for this study. Representative results 
are shown here.

Transmit B1, receive B1 and ΔB0 field mapping

In vivo complex B1+ maps (Figure 1) for the eight transmit 
channels were obtained using an ultra-fast multi-channel 
B1+ estimation technique (23) based on a calibration scan 
acquired during a single breath hold. With this method, the 
B1+ estimation for individual transmit channels was derived 
based on a series of gradient echo (GRE) images, acquired 
in the small flip angle regime by transmitting excitation RF 
power through one channel at a time. The GRE images were 
obtained with TR/TE =20/3.7 ms, slice thickness =5 mm,  
field of view =45×45 cm2 and matrix size =128×64. The 
total acquisition time was 14 seconds. Figure 1 shows the 
resulting B1+ estimation for the eight-channel body array 
utilized in this study. Receive B1 maps of all channels were 
also estimated using the same series of GRE images.

In addition, susceptibility induced ΔB0 maps were derived 
from GRE images acquired at two TE’s (TE1/TE2 =5/6 ms)  
and were incorporated into RF pulse design to minimize 
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Figure 1 Transmit B1 magnitude estimation (top row, arbitrary units) and relative phases (bottom row) in the human body for the 8-channel 
RF array.
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off-resonance effects (13-15). Both ΔB0 and B1+ maps were 
down-sampled for the subsequent RF pulse design.

RF pulse design

Slice-selective multi-spoke pTX RF pulses were designed 
with 3D spoke trajectories aiming at creating a uniform 
excitation within a region of interest (ROI) manually drawn 
so as to include the liver tissues in an axial view positioned 
at the largest transverse section of the organ. All RF pulses 
were designed with a 128×64 in-plane matrix size. For 
improved excitation performance, the magnitude and phase 
modulations of the RF sub-pulse for each individual spoke 
and each individual RF channel were calculated based on 
the magnitude least squares optimization (26) with total 
RF power regularization and with the subject-specific 
spoke placement optimized in a way similar to that in  
Reference (21). Figure 2 displays the resulting k-space 
trajectories with 2, 3 and 4 spokes optimized for one 
subject. RF sub-pulses were Gaussian shaped with a 
time-bandwidth-product of 2 and were 0.5 ms in length. 

Trapezoidal slice-selective gradients were designed for 
a slice thickness of 5 mm with the maximum gradient 
strength being 22 mT/m and the maximum slew rate  
140 mT/m/s. For comparison, static B1 shimming pulses 
were also calculated by positioning a single spoke at the 
k-space origin. The total pulse durations including gradient 
ramps and rewinder were 1.84, 2.98, 4.12 and 5.26 ms for 
static B1 shim (i.e., single spoke), 2-, 3- and 4-spoke pulses, 
respectively.

Parallel transmit experiment and simulation

Images of the liver obtained with different RF pulses were 
compared. Images were first acquired using a modified 3D 
GRE pulse sequence where the traditional excitation module 
was replaced by the 3D spoke RF excitation. The relevant 
imaging parameters were as follows: FOV =450×366×32 mm3,  
matrix size =256×208×32, TR/TE =11/1.66 ms, GRAPPA =2  
and partial Fourier =6/8. The acquisition time was 23 seconds.  
In order to retain signal variations mainly due to B1+, those 
images were further divided by the root of sum of squares of 

Figure 2 Example k-space trajectory designs for 2 (A), 3 (B) and 4 (C) spokes for one human subject. The spokes were constrained to be 
symmetrically placed around the origin in the kx-ky plane. In addition, the placement was optimized over a grid defined by different rotation 
angles ranging from 0 to 170 degrees in steps of 10 degrees and by different separation distances (Δk =1/FOV) with FOV ranging from 8 to 
18 cm in steps of 2 cm.
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the eight estimated receive B1 (i.e., B1–) maps from the raw 
images. 

Another 2D GRE image was also obtained using a 
3-spoke pulse with high in-plane resolutions. In this case, 
the image was acquired with FOV =380×285 mm2, in-plane 
resolution =0.8×0.8 mm2, TR/TE =14/1.66 ms, averages =10,  
GRAPPA =2 and partial Fourier =6/8. The acquisition time 
was 21 seconds. All 2D and 3D acquisitions were completed 
during a single breath hold.

In order to verify the fidelity of RF excitation profiles, 
Bloch simulations of the transverse magnetization 
distributions were conducted using the designed RF pulses 
along with the measured B1+ and ΔB0 maps. The transverse 
magnetization was defined on a 128×64 grid covering 
a 45×45 cm2 region to match closely the experimental 
settings. In all simulations, the magnetization at equilibrium 
was assumed to be uniform over space, and no relaxation or 
diffusion effects were considered.

Results

As seen in Figure 3A showing liver images obtained in one 
subject, pTX with multi-spoke pulse design significantly 
improved flip angle homogeneity through the liver as 
compared to static B1 shimming (i.e., 1-spoke pulse design); 
the two evident dark bands of signal dropouts present in the 
image obtained using static B1 shimming were effectively 
removed by applying multi-spoke pTX pulses. In addition, 

excitation profile predictions based on Bloch simulations 
(Figure 3B) using the same RF pulses consistently provided 
fairly consistent results when compared with experimental 
results as shown in Figure 3A; note however that in Figure 3A  
the experimental images were still modulated by the 
receive sensitivity profile of the coils. When these results 
were further corrected for the receive sensitivity profile of 
the coil array, which typically consists of a pattern (easily 
recognized in Figure 3A) that includes a brighter signal in 
the periphery than in the center of the torso, experimental 
findings (Figure 4) and Bloch equation based simulations 
(Figure 3B) were even more consistent with each other. 

The expected Gaussian shape of the slice excitation 
profile was verified with the modified 3D GRE sequence, as 
can be seen in Figure 5A showing the slice profile obtained 
in another subject with a 3-spoke pTX RF pulse, derived 
either from experimental measurement or from Bloch 
simulations, with a high level of consistency between the 
two plots. Note that these plots correspond to a projection 
of the liver 3D image along the slice selection axis (i.e., the 
Z-axis). 

In order to achieve higher in-plane spatial resolution 
(0.8×0.8 mm2) while keeping total acquisition time within 
a single breath hold, single-slice 2D GRE images were 
also acquired in the same subject while using the 3-spoke 
excitation RF pulse. The corresponding result, shown in 
Figure 5B, demonstrates satisfactory excitation through the 
ROI over the transverse section of the liver, even though, 

Figure 3 Comparison of static B1 shimming and multi-spoke pTX pulse design when used to mitigate B1+ inhomogeneity in liver MRI at 
7T. (A) central axial views (1 mm thick) of 3D GRE datasets acquired in one subject using four RF pulse designs. Note that two dark stripes 
(as indicated by white arrows) observed with the static B1 shimming solution were effectively removed by using multi-spoke pTX RF pulses; 
(B) corresponding Bloch simulations of the transverse magnetization using the same pulses as in (A). The white dotted loop in the leftmost 
image indicates the ROI covering the liver area for which B1+ homogenization was intended. Note the good agreement between experiments 
and simulations in terms of excitation pattern characteristics.
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as expected, image magnitude homogeneity was altered to 
a certain degree by the receive sensitivity profile (similar 
to that in Figure 3A, third column), while providing higher 
conspicuity of anatomical and vascular structures.  

Discussion

In this study we have demonstrated that slice selective 
multi-spoke pTX RF pulses designed with 3D spoke 
trajectories can be used to substantially improve excitation 
homogeneity over an entire transverse plane of the liver, 
when compared with static B1 shimming (i.e., 1-spoke) 
results, and therefore hold great potentials for future clinical 
applications. Our study also indicates that the ultra-fast B1+ 
estimation method based on small flip angle GRE images 
presents several advantages that are especially significant 
when used to obtain B1+ maps for multiple channels in 

the torso at 7T. These advantages include robustness 
against susceptibility induced B0 variations (standard GRE 
sequence) and against physiological motion (B1+ maps for 
eight channels obtained in a single breath hold acquisition), 
minimum RF power requirement and minimum SAR levels 
(small flip angles). Even though the B1+ maps estimated with 
this method alone are partially biased by the square root of 
proton density profile, they do provide satisfactory results 
for designing multi-spoke pTX RF pulses (as long as ΔB0 
maps are concomitantly acquired). A scaling factor required 
to convert estimated maps into absolute B1+ values could be 
obtained with an additional calibration scan if needed (23). 

It is interesting to observe that, although excitation 
homogeneity keeps improving as the number of spokes 
increases, most of the improvement can already be achieved 
with 2-spoke pTX RF pulse design with only a smaller benefit 
added when using 3- or 4-spoke pulses. Similar observations 

Figure 4 Experimental results: excitation profiles corresponding to the four RF pulse designs as illustrated in Figure 3A. These images were 
obtained by dividing out the root of sum of squares of the eight receive B1 profiles from the images shown in Figure 3A. Note the increased 
uniformity of signal intensity in the liver over the area corresponding to the ROI shown in Figure 3B. 

Figure 5 Slice selectivity verification and high resolution imaging using multi-spoke pTX RF pulses. (A) experimental (circles) and 
simulated (curve) slice profiles of a 3-spoke RF pulse designed for another subject. The experimental slice profile corresponds to the 
projection of a 3D GRE dataset on the slice selective axis (i.e., Z-axis). The numerical prediction was based on 1D Bloch simulations. 
Note the high consistency between prediction and experiment, especially within the excited slice; (B) higher spatial resolution obtained 
in a 2D GRE image using the same 3-spoke pulse. Relevant imaging parameters were FOV =38×28.5 cm2, resolution =0.8 mm  
isotropic, TR/TE =14/1.66 ms, averages =10, GRAPPA =2 and partial Fourier =6/8. Total acquisition time was 21 s. Note the higher 
conspicuity of liver vasculature.
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were also obtained in a recently published work investigating 
the use of slice-selective multi-spoke pTX pulses in cardiac 
imaging at 7T (27). The optimal number of spokes however 
will need to be revisited when utilizing a different number 
of RF coil elements as well as when considering a 3D ROI 
rather than a 2D slice selective target. 

Although it is well known that at 7T large B1+ variations 
are a serious challenge for torso imaging, similar problems 
actually also occur, at a smaller scale, at 3T. Considering the 
growing interest among the main clinical MR scanner vendors 
in building multi-channel transmit systems for clinical 3T 
scanners, we anticipate that our current findings may also 
result in significant applications for clinical settings at 3T. 

In summary, we have demonstrated the utility of multi-
spoke slice selective pTX RF pulse design in producing 
a more homogeneous RF excitation in the liver at 7T, 
allowing for imaging the largest transverse section of the 
liver without significant signal dropouts despite of the 
presence of severe transmit B1 inhomogeneity.
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