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SEGUE: a Speedy rEgion-Growing algorithm for Unwrapping Estimated phase
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Synopsis

MRI phase images are increasingly used, for example for Susceptibility Mapping, and distortion correction in functional and diffusion MRI.
However, measured phase images contain wraps, because the phase is defined only between 0 and 2. PRELUDE is the current gold-standard
method for robust, 3D, spatial phase unwrapping, but its computation time can become very long (e.g. 10 hours), especially at high field and
outside the brain. Here, we developed a new method, SEGUE, that produced similar results to PRELUDE in multi-echo brain and head-and-neck
images, successfully unwrapped some regions where PRELUDE failed and was between 1.6 and 83 times faster.

Purpose

A range of MRI techniques, including susceptibility mapping -3, have recently been developed that exploit the phase component of the complex MR signal.
Moreover, phase images are often used for distortion correction in functional*® and diffusion’®'? MRI. However, the MRI phase is only defined between 0
and 21, resulting in phase wraps. Phase Region Expanding Labeller for Unwrapping Discrete Estimates'3-14 (PRELUDE) is the gold standard method for

robust, spatial phase unwrapping in 3D"°. However, the computation time (T) increases with field strength, echo time and outside the brain. To accelerate
phase unwrapping for these applications, we developed a Speedy rEgion-Growing algorithm for Unwrapping Estimated phase (SEGUE) based on similar

principles to PRELUDE.

Theory

In PRELUDE'3'4, the phase map is partitioned into connected regions by dividing the [0, 2] interval into 6 smaller, equal intervals. These regions are then
unwrapped and merged by adding integer multiples of 211 to one of two neighbouring regions assuming spatial smoothness of the phase. This process
continues until all the regions are merged. T increases with the number of initial regions. In high-resolution images, a single region can erroneously contain
a wrap if it consists of areas with phase difference > 21 connected by a few noisy voxels. To avoid this, PRELUDE limits the initial regions to be 2D for
high-resolution images (voxel size < 1 mm). This increases the number of initial regions and, consequently, Te.

In SEGUE, we first divide the [0, 2] interval into 6 intervals (similarly to PRELUDE) to determine the initial regions. Instead of restricting the regions to be
2D, small bridges of a few voxels between larger areas are removed before partitioning to avoid wraps within the 3D regions (Figure 1). The region with the
largest border (R,,) is then selected and all the adjacent regions (R,) that meet the following criteria are simultaneously unwrapped and merged with Rp,,: 1.
The border between R, and R, is greater than P = 30% of the entire border of R,. 2. A substantial proportion of neighbouring voxel pairs in R, and R,
agree on the phase difference between R, and R,. When no more regions can be merged with R,,, @ new R, is selected and this process is repeated until
at least 70% of the tissue mask is unwrapped. The entire merging process is repeated with P = 10% and P = 0% respectively.

Methods

Brain and head-and-neck images of two healthy volunteers were acquired on a 3-T Philips Achieva system (Best, NL) with parameters shown in Figure 1.
All phase images were unwrapped using both PRELUDE and SEGUE (the latter implemented in Matlab R2015a) and the results were compared using: 1.
T on a 64-bit Ubuntu Virtual Machine with a 3.5 GHz Processor and 16 GB RAM 2. Histograms of the unwrapped phase (SEGUE-PRELUDE) difference
images within the brain mask (obtained using FSL BET'® on the last-echo magnitude image) or within the tissue mask (obtained by thresholding the
inverse noise map of the head-and-neck images'”-'8). Both techniques failed to unwrap the second-echo head-and-neck phase image, therefore, in this we
applied them separately in fat and water masks. Fat-water separation was performed on the multi-echo head-and-neck data using the 3-point Dixon
method'® from the ISMRM fat-water separation toolbox2°.

Results and Discussion

Figures 2 and 3 show comparisons of PRELUDE and SEGUE for all echoes in the brain and head-and-neck images respectively. For PRELUDE, T,
increased greatly at later echoes, while T, for SEGUE was similar across echoes. SEGUE was 1.6 to 83 times faster than PRELUDE. The vast majority of
voxels had the same phase value following PRELUDE or SEGUE (Figures 2 and 3 d). In the head-and-neck images, most of the +21r differences between
the unwrapped maps were found around the nasal septum (Figure 4) which is connected to the bulk of the tissue by only a few voxels making it difficult to
estimate its phase. There were more +21 differences in the second-echo head-and-neck images where both techniques failed due to the additional,
chemical shift-induced phase in the fatty tissue (Figure 3, green arrows). Applying the two methods separately in fat and water masks solved this problem
(Figure 3, blue arrows). The red arrows in Figures 2 and 3 indicate regions where PRELUDE failed and SEGUE succeeded.

Conclusions

We have developed and tested SEGUE, a spatial phase unwrapping technique that was between 1.6 and 83 times faster than PRELUDE, and produced
very similar results, successfully unwrapping some regions where PRELUDE failed. SEGUE is useful for rapid, robust, and accurate unwrapping of highly
wrapped phase images.
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Figure 1: MRI acquisition parameters used to acquire multi-echo brain and head-and-neck images to test and compare SEGUE with PRELUDE.
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Figure 2: Brain phase maps at 5 echo times before unwrapping (a), and after unwrapping using PRELUDE (b) or SEGUE (c). T is shown next to the
unwrapped images. The histograms of the SEGUE-PRELUDE unwrapped phase difference maps (d) are also shown on a logarithmic scale. There were
1000 times fewer voxels with £211 than 0 phase differences (orange double arrow). The red arrows indicates where PRELUDE failed but SEGUE

succeeded to unwrap (by visual comparison).
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Figure 3: Head-and-neck phase maps at 4 echo times before unwrapping (a), and after unwrapping using PRELUDE (b) or SEGUE (c). T is shown next to
the unwrapped images. Histograms of the SEGUE-PRELUDE unwrapped phase difference maps (d) are also shown (logarithmic scale). There were 100
times fewer voxels with +21r than 0 phase differences (orange arrow). The red arrows indicates where PRELUDE failed but SEGUE succeeded. Both
techniques failed in the second-echo phase images (green arrows) in fatty tissue due to chemical shift effects. Applying both techniques separately in the

water and fat masks solved this problem (blue arrows).
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Figure 4: Last-echo (TE4 = 18.9 ms) phase images unwrapped using PRELUDE and SEGUE. The orange arrows indicate the soft tissue around the nasal
septum which is connected to the bulk of the tissue by only a few voxels. This led to different unwrapped phase values for the two techniques. The SEGUE
result seems more accurate as it is more similar to the field map calculated by applying a Fourier-based forward model? to the Zubal phantom?%23 (yellow

arrow).
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