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Synopsis
Slice-to-volume registration methods have been shown to provide motion robust reconstruction for large and frequent motions. One challenge with
motion correction is the changing magnetic field inhomogeneities with different head positions. In this work we implemented a dual-echo blip
reversed EPI acquisition and show that this sequence can be used to reduce distortions in large and frequent motions and can improve slice-to-
volume registration results.

Introduction
Echo planar imaging (EPI) is inherently susceptible to distortions arising from local magnetic field inhomogeneities. Field maps calculated from gradient echo
images or EPI images with opposing phase encoding directions can be acquired before a scan to correct for distortion. Unfortunately when imaging
uncooperative patients, such as young children, infants, and fetuses, subject motion interferes with distortion correction using static field mapping as the field
changes with different patient positions. Here, in this work, we implemented an alternative approach , where we acquire a blip-reversed EPI readout using
multiple echoes for each slice. We use these echoes, acquired 30-50ms apart effectively freezing the motion, to correct for distortions on each slice and then
use a slice-to-volume registration (SVR) strategy that has been shown to produce robust reconstructions even under large and frequent patient motion.

Methods
A standard diffusion weighted EPI sequence was modified with a 180  RF pulse and an additional echo with an opposing k -blip polarity compared to the first
echo. We used a standard 30-direction single shell diffusion weighting with a b-value of 1000 and three B0 images. After both echoes with opposing phase
encodes were reconstructed, we used a slice-level distortion correction method  that generates a single distortion free image. The sequence was tested on
images acquired for 4 healthy volunteers at 3T (Siemens, Erlangen, Germany). Sequence parameters were TE1=72ms, TE2=108ms, GRAPPA=2, TR=7000ms,
2mm isotropic resolution with 70 slices resulting in a scan time of 6 minutes. Two different sets of experiments were performed on each volunteer:

1. In the first set, volunteers were scanned with two identical diffusion acquisitions and they were instructed to move around 10 degrees between each
scan. A T2-weighted FSE sequence and a multi-echo 3D GRE sequence were acquired at each position to provide a reference image and field map at
each position. We compared the distortion corrected images with T2 images and field maps generated from distortion correction with the reference
field map created using the 3D GRE scan.

2. In the second set, subjects were instructed to move to a different position using audio commands every minute. An electromagnetic tracker was
attached to each subject to measure head motion. The data was processed offline using a slice-to-volume registration method adopted from Marami
et. al . The electromagnetic tracking motion parameters were compared with motion parameters estimated by SVR and raw EPI images and distortion
corrected images.

Results
Figure 1 (axial) and 2 (sagittal) show results from a volunteer in two different positions. Even with a large nodding motion (10 degrees) the dual-echo scan was
able to compensate for distortions and generated an image that matches well to the structural T2 scan. Figure 3 shows a comparison between field maps
generated using the dual echo scan and the reference field maps. The dual echo approach was able to create a similar field map compared to the multi-echo
GRE scan at both positions. Figure 4 shows motion parameters reported by EM tracking hardware compared to the SVR results before and after distortion
correction. Even with large and frequent motions reported here, SVR was able to generate robust reconstructions. The error in SVR results compared to EM
tracking reduced from 0.79  1.46mm to 0.62mm  1.35 for translation and 0.92  0.76 degrees to 0.84  0.75 degrees for rotation. Figure 5 shows final B0
and mean diffusion image using SVR before and after distortion correction. The distortion from B0 inhomogeneities can be clearly seen in the images generated
from uncorrected raw images.

Conclusions
Our results show that dual echo acquisitions with blip-reversed phase encoding can be used to generate slice level distortion free images, which is critical for
motion-robust slice to volume registration. The distortion corrected images not only resulted in better motion estimates, they also generated a more accurate
final diffusion image reconstruction. This method can be used in studies where subject motion is inevitable like body diffusion and fetal brain diffusion studies,
and can also be used to reduce the rate of sedation and anesthesia in imaging infants, young children, and uncooperative patients, and in imaging
uncooperative patients in research studies.
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Figures

Figure 1. Axial images showing the dual-echo EPI's ability to correct for distortion in different head positions. The subject moved his head between position 1
(top row) and position 2 (bottom row). Anterior-Posterior phase encoded and Posterior-Anterior phase encoded images shows clear distortion whereas the
corrected image matches the structural T2 image. Red overlays show the edge features of the EPI images, uncorrected on the left and corrected on the right.

 

Figure 2. Sagittal images showing the dual-echo EPI's ability to correct for distortion in different head positions. The subject moved his head between position
1 (top row) and position 2 (bottom row). Anterior-Posterior phase encoded and Posterior-Anterior phase encoded images shows clear distortion whereas the
corrected image matches the structural T2 image. Red overlays show the edge features of the EPI images, uncorrected on the left and corrected on the right.

 

Figure 3. Field maps generated using the reference GRE method compared to the field maps generated using the dual-echo scans. For different positions, the
dual echo scan was able to generate similar field maps to the reference method.
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Figure 4. Ground truth motion measurement acquired using an external motion tracker is compared to slice-to-volume registration results. Figure 4.a shows
results from dual echo corrected scans for translation and rotation, whereas Figure 4.b shows results from uncorrected images.

 

Figure 5. Mean B0 and B1000 images generated using the slice-to-volume registration algorithm using original images (top row) and dual echo corrected
images (bottom row). Distortions are reduced in the dual-echo corrected images.
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