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Target audience: RF engineers, MR physicists, ultra-high field practictioners. 
Purpose: To simultaneously mitigate (i) signal loss due to through-plane 
dephasing; (ii) non-unifomity of B1+ and (iii) high SAR at 7 T using short, time-
shifted parallel transmit (pTx) “spoke” pulses. 
Methods: Slice-averaged STA approximation: We derive a new signal equation 
based on a linearization of Bloch equations at small tip-angles (STA) which we 
call the “slice-averaged STA” approximation. Unlike the traditional STA 
approximation used in pTx spoke design [1-3], our slice-averaged STA equation 
accounts for thick-slice averaging, the presence of a spatially-varying through-
plane B0 gradient (g) and for the effect of time shifting the sinc sub-pulses 
(time-shifts are spoke- and channel-dependent): 
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Where TE is the echo-time, Gz is the slice-select gradient, Bc are the B1 maps, 
B0 is the in-plane B0 variation, Z is the slice-thickness, bc,s are the spoke 
amplitudes (optimized) and Δtc,s are the time-shifts (optimized). Mitigation of 
through-plane dephasing and flip-angle non-homogeneity is performed 
simultaneously by minimization of a magnitude least-squares (MLS) objective 
function based on this expression of the averaged transverse magnetization 
[4,5]. SAR constraints: SAR constraints are added to the minimization of the 
MLS objective function. A novelty of this work is to recognize that SAR depends 
on the spokes time-shifts. Indeed, in the extreme case where the sinc sub-
pulses played on different channels do not overlap in time (sequential transmit 
as a result of a large Δtc,s shift), electric fields interactions are eliminated and 
thus SAR is reduced. Optimization of the sub-pulse time-shifts subject to SAR 
constraints therefore also reduces SAR. B0 phantom: In order to test and 
characterize our sequence, we 3D-printed a B0/B1 phantom by segmentation of 
a head MRI volume simplified to 3 compartments: Air, brain and “everything 
else” (Fig. 1a). The phantom was filled with agar gel mixed with NaCl to mimic 
the permittivity and conductivity of brain tissues [6]. Experiments: Experiments 
were performed on an 8-channel 7 T pTx head system (“Step 2” pTx, 
Magnetom 7 T, Siemens Healthcare). PTx spokes pulses were designed for 
excitation of a uniform 5 mm-thick slice through the frontal lobe (Fig. 1). A 3D 
B0 map corresponding to this slab was estimated by acquisition of two 3D GRE 
volumes with ΔTE=2 ms. The through-plane B0 gradient (g) was estimated on a 
pixel-by-pixel basis by linear fit of the B0 variation in the slice direction. B1 
maps were estimated using the saturated TFL mapping technique [7]. 
Results/Discussion: To our knowledge, the approach proposed in this work is 
the first that jointly minimizes through-plane dephasing, flip-angle non-uniformity 
and SAR in a single sequence. Our B0/B1 phantom displays the characteristic 
non-uniform B1 pattern and the ~200 Hz B0 hotspot in the frontal lobe (Fig. 1). 
The relationship between g and B0 for this slice was roughly linear, with a 
proportionality constant equal to -1 μT/m/Hz, which is in agreement with a 
previous in-vivo study [8]. Fig. 2 shows pTx RF-shimming pulses designed 
without (traditional) and with optimized time-shifts (proposed approach, runs in 
less than 15 seconds on a single CPU). Fig. 3 shows 2D GRE, 5 mm thick 
transverse images obtained with the pulses of Fig. 2 as well as the BC mode of 
the pTx array. Optimization of channel-dependent time-shift allows for almost 
complete recovery of the MR signal in the “frontal lobe hole” that is otherwise 
caused by large through-plane B0 variations across the slice. The strategy also 
allows excitation of a more homogeneous slice than the traditional BC mode 
excitation (red arrows). Acknowledgements: Siemens MR, R01EB006847, 
R01EB017337, P41EB015896, R01DA019912. References: [1] Saekho et al. 
(2006). MRM 55(4):719-724; [2] Setsompop et al. (2008). MRM 60(6): 1422-1432; [3] Grissom et al. 
(2012). MRM 68(5): 1553–1562; [4] Setsompop et al. (2008). MRM 59(4): 908-915; [5] Hoyos-
Iruarrizaga et al. (2013). IEEE TMI 33(3): 739-748; [6] Graedel et al. (2013). DOI: 10.1002/mrm.25123; 
[7] Fautz, H., et al. (2008). ISMRM 16:1247; [8] Yang et al. (2012). MRM 68(6): 1905-1910. 

 
Fig 1. a: CAD model of the B0/B1 phantom. b: Sagittal 
GRE 7 T MR image. c: Transverse B0 map through 
the frontal lobe (in Hz). d: Pixel-by-pixel plot of the 
through-plane B0 gradient versus in-plane B0. 

 
Fig. 2. a: PTx RF waveforms for RF-shimming with no 
time-shifts. b: PTx RF waveforms with joint 
optimization of the spoke amplitudes and channel-
dependent time-shifts. 

 
Fig. 3. 5 mm thickness 2D GRE images with the 8 
channel pTx coil operating in its birdcage (BC) mode 
and in RF-shimming mode with and without 
optimization of channel-dependent time-shifts. Red 
arrows point to areas where the flip-angle was 
significantly improved by RF-shimming. All images 
(except the TE=6 ms image) were scaled identically. 
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