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Synopsis
Spiral imaging is an SNR- and time-efficient alternative to conventional cartesian MRI, but is relatively sensitive to gradient system imperfections.
Unfortunately, measuring the k-space trajectory and B0 eddy currents for a particular spiral readout is cumbersome and not routinely performed. We
propose to leverage the TOPPE development environment for rapid pulse sequence prototyping to easily measure both k-space trajectory and B0
eddy currents using “pencil-beam” acquisitions. To demonstrate this setup, we obtained k-space and B0 measurements of a pair of spiral-in and
spiral-out readouts. We show that compensating for B0 eddy currents can improve image quality, and that TOPPE provides a convenient platform for
these types of measurements.

INTRODUCTION
Spiral imaging is an SNR- and time-efficient alternative to conventional cartesian MRI, but is relatively sensitive to object- and hardware-dependent non-
idealities such as off-resonance and eddy currents. One such factor that is often overlooked is B0 eddy currents, i.e., spatially invariant phase offsets that vary
temporally during data readout. To first order, B0 eddy currents produce a linear phase modulation across k-space, resulting in a spatial shift in the image
domain that is often tolerated [Jim Pipe, personal communication]. However, when combining spiral-out and spiral-in images such spatial shifts must be
corrected. Furthermore, any unknown higher-order B0 offsets can produce image blurring or other artifacts. B0 eddy currents for a particular spiral can be
measured using the “pencil-beam” method [1], however this is generally not done since it typically requires time-consuming pulse programming. Another
alternative is specialized field mapping hardware [2], but that is not yet widely available. Here we propose to leverage the TOPPE development environment for
rapid pulse sequence prototyping [3,4] to measure both k-space trajectory and B0 eddy currents for use in a dual-echo state state (DESS), multi-shot stack-of-
spirals 3D acquisition; such an acquisition is useful for, e.g., T2 mapping [5] and myelin water fraction (MWF) imaging [6]. We show that compensating for B0
eddy currents can improve image quality, and that TOPPE provides a convenient platform for these types of measurements.

METHODS
Imaging: All sequences were implemented in TOPPE and executed on a GE Discovery MR750 3T scanner equipped with a 32-channel receive array. Figure 1
shows the stack-of-spirals DESS sequence, where spiral-out and spiral-in readouts are needed to ensure equal echo time (TE) for the first and second echo,
respectively. The readout “modules” (shaded in green) were inserted into the pencil-beam sequence shown in Fig. 2; in this way the exact same spiral
waveform was used in both the DESS and pencil-beam sequences. We excited a 1 mm wide square beam in a uniform Agar ball (FBIRN) phantom using slice-
selective excitation and refocusing (180 ) radiofrequency (RF) pulses, and measured the phase of the FID signal during playback of the spiral waveform. Pencil-
beams were excited at the corners of a 4 cm wide square. For each pencil-beam FID, we subtracted the phase from a separate reference acquisition without
any gradients (to correct for off-resonance and other sources of phase). Combining the resulting FID signals produced measured k-space trajectory (kx and ky)
and B0 offsets for each of 36 spiral leafs. We smoothed the observed k-space and B0 waveforms using a spline fit (in Matlab). We also imaged a resolution
phantom with a spoiled gradient-echo (SPGR) sequence, using the same spiral-out and spiral-in readouts as in the DESS sequence.

Image reconstruction: Prior to reconstruction we demodulated the acquired (raw) data with the (smoothed) observed B0 waveforms. We then reconstructed
images using nuFFT, based on the measured k-space trajectory.

RESULTS
Figure 3 shows the measured B0 waveforms for a subset of the 36 leafs. Although the B0 phase offset tends to “follow” the spiral turns (giving rise to
approximately linear phase in k-space and hence a spatial shift in image space), significant deviations from this pattern are also observed. Figure 4 shows
spiral-out phantom imaging results, before and after the proposed B0 correction. Although significant off-resonance artifact can be seen, particularly near the
top of the phantom, we observe a subtle improvement in the “comb” pattern after B0 correction. Finally, Fig. 5 shows representative DESS imaging results in
the brain of a healthy volunteer. B0 correction produces a small shift in both the first (spiral-out) and second (spiral-in) DESS echo, but in different directions.

CONCLUSION
TOPPE provides a convenient framework for gradient trajectory and B0 eddy current measurements that should permit routine use of such measurements in
MR research labs. B0 eddy current correction can improve spiral image quality, and is particularly important when combining spiral-in and spiral-out images. In
future work we will incorporate off-resonance correction for further improvements in image quality.
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Figures

Fig. 1. Stack-of-spirals DESS sequence with spiral-out and spiral-in readouts for the first and second echo, respectively, to ensure identical echo time (TE).
Acquisition parameters: FOV 20x20x12 cm ; matrix size 200x200x60; 36 spiral leafs per kz “platter”; spiral readout duration 4 ms.

 

Fig 2. Sequence for measuring k-space and B0 eddy currents using a “pencil-beam” excitation. The phase in the pencil beam is recorded while the readout
module is played out. With TOPPE, it is easy to ensure that identical waveforms are played out in both the DESS sequence (Fig. 1) and the sequence shown
here. The same sequence can be used to image other arbitrary readout gradients, simply by swapping out the readout module (which is as simple as swapping
out the file specifying that module).

 

Fig. 3. Measured B0 eddy current terms (after smoothing) for the spiral-out and spiral-in waveforms in Fig. 1. For clarity, only 6 of the 36 leafs are shown. The
numbers in the legend indicate leaf number.

 

Fig. 4. Phantom imaging results (spiral-out), demonstrating improved spatial resolution after B0  correction.
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Fig. 5. DESS imaging results (TR = 60.3 ms). The images on the right show the difference image before and after the proposed B0 correction. The first and
second echoes are clearly shifted in different spatial directions, and therefore require separate B0 correction.
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