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TARGET AUDIENCE: MRI engineers working with inhomogeneous B0 fields 
PURPOSE: Transmit array spatial encoding (TRASE)1 uses RF coils with linearly-varying 
B1

+ phase to replace B0 gradient phase encoding along one more directions. To traverse k-
space, the sign of the B1

+ phase is flipped for alternating refocusing pulses in a spin echo 
train, imparting an additional ∆k phase modulation to each successive echo in the train. 
TRASE provides an alternative for performing high resolution spatial encoding in 
applications where conventional B0 gradients are not feasible. However, the TRASE point 
spread function degrades rapidly for refocusing pulse angles outside the range 150-195° 
due to accumulation of flip angle and phase errors along the echo train2. For the hard pulses 
(as shown in TRASE results to date), the refocusing angle falls below 150° when ∆B0 > 40% 
of the pulse Rabi frequency. This constrains the use of TRASE in applications where peak 
RF power is limited or ∆B0 is large. We propose a method for overcoming this problem using 
broadband “WURST” RF pulses along with a simple deconvolution method to render the 
acquired echoes compatible with TRASE. METHODS: To demonstrate 1D TRASE in the 
presence of strong off-resonance, we acquire projections in an inhomogeneous Halbach 
array magnet (±20 KHz over FOV) originally developed as a lightweight, permanent magnet-
based portable MRI scanner3 with Larmor frequency 3.285 MHz (Fig. 1). WURST-40 
pulses4 with phase cycling5 are used for spin excitation and refocusing. Pulses with linear 
frequency sweep impart a quadratic phase across the spin bandwidth, but if the pulse 
sweep rate satisfies the condition Rexc = ½Rref and the ∆B0 field is constant, then the 
refocusing pulse removes the phase applied by the excitation pulse and all isochromats 
refocus at TE6. Further readouts in the echo train alternate between conventional echoes 
and “spectral” echoes5 that resemble the frequency distribution of spins in the ∆B0 field. This 
additional RF phase modulation must be removed to make the spectral echoes compatible 
with TRASE. The spectral echo signal can be approximated as a convolution of the 
conventional spin echo signal with a chirp function, exp 2 , where  depends on the 
sweep rate. DECONVOLUTION is performed by either (a.) convolving the spectral echo with 
a scaled, conjugated version of the chirp function, or equivalently (b.) in the Fourier 
transform (FT) domain by dividing the FT of the echo (1D projection) by the FT of the chirp 
function7.  Since the FT’ed chirp kernel is a pure phase term, method (b.) requires simply 
taking the difference between the phase of the first and second projections in the echo train 
(Fig. 2). This phase difference is used to correct all subsequent spectral echoes. The FT of 
the corrected projections provides echoes that closely resemble the conventional echoes in 
the train. EXPERIMENT: Tube phantoms are placed in the inhomogeneous B0 field and a 
train of 129 echoes are acquired each with 196 readouts points, 40 KHz BW, and echo 
spacing 9.4ms. WURST-40 excitation and refocusing pulse durations are [ ,  ] = [6, 3] 
ms and sweep rates are [ , ] = [4.15, 8.3] MHz/s over a 25 KHz bandwidth. A multi-
turn Maxwell coil (B1x

+) is paired with a concentric multi-turn birdcage coil8 (B1y
+) to generate 

sine and cosine-shaped B1
+ amplitudes, respectively, along the encoding axis, x. When both 

coils are driven simultaneously, the desired linear phase slope is generated:  
 
The TRASE B1

+(x) phase is switched using an RF phase shifter to play the pattern: 
{90+,180+,echo,180+,echo,180-,echo,180+,echo,180-…}. The first two echoes have no 
TRASE modulation and can therefore be used to calculate the phase difference required for 
the spectral echo correction. To create a 1D projection along x, the point from the center of 
each readout is selected to avoid modulation imparted by the ∆B0 field (Fig. 3).  The points are 
reordered and FT’ed to create a 1D projection of the object. RESULTS: Fourier domain phase 
subtraction faithfully restores spectral echoes so that their real and imaginary components 
align closely with those of conventional echoes. The TRASE-WURST acquisition successfully 
generates projections of phantoms with bandwidths >10 KHz in the inhomogeneous B0 field. 
By contrast, recognizable projections could not be obtained using hard pulse excitations since 
available RF power constrained the minimum pulse duration ([75,150] μs for [90°,180°] pulses) 
and thus the bandwidth of the pulses. CONCLUSION: We demonstrate robust spatial 
encoding using WURST pulses for TRASE encoding in an inhomogeneous B0 field. We further 
show a simple phase correction that allows WURST spectral echoes to be used for TRASE 
encoding. In future work, TRASE-WURST slice encoding will be combined with in-plane B0 
gradient encoding to generate 3D images. Potential applications include silent imaging, oil well 
prospecting, and portable low-field scanners. REFERENCES: [1] Sharp JC, NMR Bio. 2013. 
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Fig. 1. Halbach magnet ∆B0 field plotted along three
planes. TRASE encoding is implemented along x direction. 

Fig. 3. The first 8 corrected echoes (a.) from a 128-echo 
train shown with (red) and without TRASE phase 
modulation. Orange and green dots at each echo time 
denote positive and negative k-space points, respectively, 
which are reordered into 1D k-space (b.). The Fourier 
transform yields a 128-point 1D projection (c.) of the 
water-filled tube phantom (d.). 

Fig. 2. WURST pulse sequence diagram with four echoes
acquired on a water bottle phantom. The bracketed block is
repeated as needed. Conventional echoes alternate with
“spectral” echoes modulated by the quadratic phase of the
frequency swept RF pulses. This effect is compensated by
removing the quadratic phase from the projections
corresponding to each spectral echo. After phase correction
the echo real and imaginary parts overlay for all echoes in the
train. Phase cycling scheme is as follows: 90, 270, 180, 0 °, 0, 0, 90, 90 °,90, 90, 0, 0 °, 	 0, 180, 90, 270 °. The 3rd and 4th

echoes in the block are multiplied by π to compensate for
phase cycling. 
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