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Abstract

Purpose—Continuously Moving Table (CMT) MRI is a high throughput technique that has
multiple applications in whole-body imaging. In this work, CMT MRI based on a Golden Angle
(GA, 111.246° azimuthal step) radial sampling is developed at 3 Tesla, with the goal of increased
flexibility in image reconstruction using arbitrary profile groupings.

Methods—CMT MRI with GA and Linear Angle (LA) schemes were developed for whole-body
imaging at 3 Tesla with a table speed of 20 mm/sec. Imaging was performed in phantoms and a
human volunteer with extended z field of views of up to 1.8 meters. Four separate LA and a single
GA scan were performed to enable slice reconstructions at four different thicknesses.

Results—GA CMT MRI produced high image quality in phantoms and humans and allowed
complete flexibility for reconstruction of slices with arbitrary slice thickness and position from a
single data set. LA CMT MRI was constrained by predetermined parameters, required multiple
scans and suffered from stair step artifacts that were not present in GA images.

Conclusion—GA sampling provides a robust flexible approach to CMT MRI for whole-body
examination with the ability to reconstruct slices at arbitrary positions and thicknesses from a
single scan.
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INTRODUCTION

THEORY

Many clinical studies such as whole-body water/fat quantification (1), peripheral vascular
angiography (2-4), whole-body diffusion weighted imaging (5-7), detection of tumor
metastases (8, 9,10), and multi-contrast anatomical imaging (11,12) demand either whole-
body coverage or field of views larger than the uniform z extent of the scanner bore. One
approach of performing, such studies is multi-station scanning, which is time consuming and
prone to data consistency errors. Continuously Moving Table (CMT) MRI is a high
throughput imaging technique, which offers a powerful alternative for rapid whole-body MR
examination. In CMT MRI, data are acquired with concurrent uniform velocity z direction
motion of the patient table, which allows scanning of different locations of the body in a
single table sweep. CMT MRI has been successfully demonstrated in several applications
including multi-contrast anatomical imaging (13-15), oncology (16-19), water/fat
quantification (20,21), MR angiography (22-28) and diffusion weighted imaging (29).

Existing CMT MRI implementations include a variety of 2D and 3D cartesian methods
(13,14,22,25,30-33) including integration with parallel imaging with multiple static or
moving coil elements (34,35). Several non-Cartesian approaches have also been explored for
CMT MRI (36-38), including continuous single slice radial acquisitions with linear angle
(LA) azimuthal profile increments (39). A specific benefit of this technique is that the data
are acquired in the most homogeneous region of the magnet, which minimizes field in
homogeneity artifacts often encountered in multislice and 3D acquisitions that employ wider
field of views. In this paper, we investigate CMT MRI based on single slice Golden Angle
(GA, 111.246° azimuthal step) radial sampling, with the goal of exploiting its optimal
azimuthal sampling property for slice reconstructions with flexible position and thicknesses.

One of the drawbacks of LA radial CMT MRI is that angular segments of k-space within a
single-slice are acquired from different anatomical areas, which can give rise to coherent
image artifacts. Another disadvantage is that once the data are acquired, images can be
retrospectively reconstructed without significant artifacts only to the fully sampled nominal
z resolution (or reconstructed slice thickness, Az), which is defined as

Az=v*TR*N (1)

where v is the table velocity, TR is the repetition time and N is the number of projections in a
full 180° sampling. Slices reconstructed to a thickness less than Az with fewer than N
profiles will result in undersampling artifacts. Slices reconstructed with thicknesses that are
non-integer multiples of Az, also result in coherent artifacts. The nominal pitch (P) of the
measurement is defined as

~veTReNy
TSI

P @)

where Ng is the number of profiles included in each reconstructed slice (which may be
different from N in Eqn. 1) and Ty is the excitation slice thickness. The numerator
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represents the table travel per reconstructed slice, which can be different from the excited
slice thickness.

In dynamic radial acquisitions, a GA sampling pattern can potentially provide benefits over
linear sampling with regard to retrospective profile binning flexibility for arbitrary slice
thickness reconstruction with mitigated data under-sampling artifacts, as has been
demonstrated in the context of cardiac CINE MRI (40). CMT MRI can be considered to be
analogous to dynamic imaging with z table position as the continuous variable and hence
stands to benefit from GA sampling. In this paper, we present phantom and whole-body
human results comparing GA to LA radial CMT MRI with identical image acquisition
parameters (TR, TE, flip angle, in-plane resolution and bandwidth) at 3 Tesla.

METHODS

CMT MRI was implemented on a Philips Achieva whole-body 3 Tesla scanner (Philips
Healthcare, Best, The Netherlands) with a 2-channel transmit and receive body coil.
Software modifications enabled table motion during a scan with inputs of extended z
direction field of view (zFOV), one of three table speeds (20, 90, or 180 mm/s) and table
motion direction (into or out of the bore). No hardware changes were performed for this
setup. CMT MRI was implemented as a continuous single slice axial radial scan with the
total number of profiles (N) derived from Eqn. 1 for the extended z direction field of view.
The table was moved to the fully extended position after the scan preparation phases, which
were performed with the table centered at the landmark position. Scanning was performed
continuously using the dual channel body coil with concurrent table movement. To
maximize sampling in the z direction, the scanner’s full control gradient mode was utilized
which allowed maximum gradient strengths and slew rates of 40 mT/m and 200 mT/m/s.
Figure 1 shows the k-space trajectories of the CMT scans with LA and GA schemes.

CMT Experiments

Phantom Data Acquisition—Radial gradient recalled echo imaging was performed on
an extended multi -phantom setup, which included the American College of Radiology
(ACR, http://www.acr.org/~/media/ACR/Documents/Accreditation/MRI/
LargePhantomInstructions.pdf) MRI phantom. The imaging parameters were : Full zFOV =
1500 mm, table speed = 20 mm/sec, in-plane FOV = 400 x 400 mm?, transverse orientation,
in-plane voxel size = 1.56 x 1.56 mm?2, TR/TE = 2.7/1.15 msec, flip angle = 20°, radial
readout points= 256, excited slice thickness = 8 mm, total scan time = 75 sec. Power
optimization was performed on the ACR phantom and all shims were set to zero current to
maintain a globally acceptable shim across the extended zFOV.

LA and GA CMT scans were performed with a total of 27,778 equidistant projections per
scan. For the LA setting, four scans were performed with 256, 185, 148 and 92 profiles
acquired per 180° sweep and the same excited slice thickness of 8 mm. These profile values
were derived from Eqn.1 for targeted slice reconstructions of 13.8 mm, 10.0 mm, 8.0 mm
and 5.0 mm thicknesses, which matched the table movement per 180° sweep. This resulted
in pitch values of 1.725, 1.25,1 and 0.625 for the four scans. To correct for trajectory
misplacements along the readout direction, the readout direction was alternated (41). For the
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GA case, only a single scan was performed with profiles azimuthally stepped by 111.246° at
the 2.7 msec TR and no readout alternation. In addition to the CMT LA and GA scans, a
static multislice radial image of the ACR phantom was also acquired with the same TR/TE
to serve as the gold standard image for comparison.

Human Data Acquisition—One male human volunteer was scanned with informed IRB
consent at 3 Tesla. Whole-body scans were performed with the following parameters
optimized for in-vivo imaging: Full zFOV = 1800 mm, table speed = 20 mm/sec, in-plane
FOV =400 x 400 mm?, transverse orientation, in plane voxel size = 1.56 x 1.56 mm?,
TR/TE = 3.7/1.35 msec, flip angle = 15°, radial readout points= 256, excited slice thickness
=12 mm and readout bandwidth = 854 Hz/pixel, total scan time = 90 sec. The volunteer was
positioned in the supine position and entered the magnet feet first with arms at his side. Pre-
scan optimization consisting of center frequency and RF drive scale determination was
performed at the level of the head. After the preparation phase, the table extended fully
inwards such that the head was slightly inferior to the z position at iso-center, followed by
the CMT scan covering the 1800 mm FOV. The volunteer was asked to hold his breath
when the torso crossed the magnet isocenter to minimize motion artifacts. Four scans were
performed for the LA setting, with table motion (targeted reconstruction slice thicknesses) of
18.9 mm, 15.0 mm, 9.0 mm and 5.0 mm, corresponding to 256, 203, 122 and 68 profiles per
180° sampling (nominal pitches of 1.575, 1.25, 0.75 and 0.42). Only a single scan was
performed for the GA setting. In addition to the CMT scans, a static multislice Cartesian
volume was also acquired at the same location with a 12 mm excitation thickness and same
TR, TE, flip angle and in-plane resolution for comparison.

Data Reconstruction—Data processing and reconstruction was similar for both the
phantom and human experiments. Complex images were reconstructed offline for both LA
and GA cases. Slice wise image reconstructions were performed with slice centers separated
by 1.56 mm, matching the in-plane resolution. For LA reconstructions from the four
different scans, the corresponding numbers of profiles (256,185,148 or 92 for phantoms and
256, 203, 122 and 68 for humans) were included per slice. Shifts in the k-space readouts
were compensated by calculating the 01" and 15t order phase shifts between alternating
profiles in the spatial domain and correcting the profiles by phase multiplication in the
spatial domain (41). In addition, the phase of the DC point in k-space was zeroed (42). The
continuous movement of the table in CMT causes every profile to be acquired at a different
zlocation and in order to reconstruct a slice accurately, all the profiles within that slice have
to be interpolated to the slice center location. This was performed in k-space, where each
profile within a given slice and the nearest anti parallel profile (profile with least absolute
azimuthal separation and opposite readout direction) were used in a weighted linear
interpolation to the slice center position, where the weights were the distances of the
complementary profiles from the slice center. The anti parallel profile was chosen such that
the slice center profile fell within the profile-anti parallel profile pair, a strategy that allowed
picking the closest pair of profiles for interpolation. Following interpolation in k-space,
standard radial reconstruction methods were applied. The data were pre-weighted using the
sample density correction scheme of Pipe & Menon 1999, which minimized the streaking
artifacts in the reconstructions at the slight expense of overall image sharpness, especially at
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higher degrees of azimuthal undersampling (43). The weighted data were gridded slice-by-
slice using a custom gridding code written in Python (Anaconda version 3.4.2, Continuum
Analytics, Austin, TX). The gridding kernel was a circular Kaiser-Bessel function with
radius 4 and oversampling factor 2.0. The kernel  was calculated according to Eq. 5 of
Beatty et al. (44). The gridded data were transformed using a 2D FFT and then roll-off
corrected using the same kernel.

For the GA reconstructions, all four slice thicknesses were reconstructed from the same data
set. For correction of k-space shifts, an analysis was performed to identify the projection that
was most anti parallel to the profile being corrected while also being least distant in the z
direction. An analysis of the GA series gives a deterministic candidate solution for this
neighboring projection as being the 34 profile away from current profile. This profile is
angled at 177.65° from the corrected profile, while being at a z distance of 34*TR*v (1.8 mm
in this case) from it. For every profile therefore, this solution was used for correction of k-
space shifts as described above. No data interpolation was performed in the GA case. The
remainder of the reconstruction proceeded as in the LA case. A visual description of the
reconstruction process has been included in the online supporting material.

RESULTS

Figure 2a—c shows reconstructed axial slices through the ACR phantom containing fine
features and contrasting regions. The columns represent the four LA acquisitions (2a), one
GA (2b) acquisition and one reference static radial scan (2c). The rows represent the data
reconstructed at the four different slice thicknesses, of 13.8 mm, 10 mm, 8 mm and 5 mm.
The GA scheme allows the selection of the profile set for reconstruction of a slice at all the
slice thicknesses from a single data volume. GA images are seen to be of comparable quality
to the fully sampled LA images (diagonal entries) at all slice thicknesses. LA data
reconstructed at thicknesses lower than nominal present expected reconstruction artifacts,
demonstrating the inability of the LA acquisition scheme to produce a slice of thickness
lower than determined apriori. Also, for reconstructions of LA slice thicknesses above the
acquired setting, images show a higher degree of blurring in comparison to the exact
(diagonal entries) LA and the GA images. Therefore, a strategy of acquiring LA CMT
images at a lower radial percentage to allow slice reconstructions at nominal and higher slice
thicknesses will also fail, due to the inherently reduced azimuthal sampling. In contrast, GA
sampling ensures optimized K space filling as the number of profiles per slice is increased.

Figure 3a shows full zFOV reformatted coronal images for the LA and GA scans. GA
images show high quality at all four slice widths. LA coronal reformats suffer from stair-
step artifact, which is often encountered in helical, single detector based computed
tomography (45). The artifacts are evident in spite of interpolation in the table motion
direction, mainly due to the large table pitch stemming from the relatively high table speed
of 20 mm/s. The artifact level reduces with the reconstructed slice thickness. Importantly,
the GA method does not suffer from this drawback and features, including the ring in the
ACR phantom are clearly resolved in the z direction. In Figure 3b, a section through the
ACR phantom at the level of a grid feature and adjacent spherical phantom is displayed for
comparison. The ACR phantom grid is constructed of 1.35 mm thick separators at a uniform
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distance of 15 mm. The grid is clearly visualized in the GA reconstructions, especially in the
10, 8 and 5 mm slice thickness volumes while the LA images fail to display the grid
accurately. LA images are degraded by severe stair step artifacts, which impair the
resolution of the grid walls, especially in the direction of table motion. The clear resolution
of the grid with the GA approach is noteworthy considering the large excited slice thickness
of 8 mm.

Figure 4 shows axial images at the level of the abdomen from the whole-body CMT scans of
the human volunteer. The top row in 4a shows images from four separate LA acquisitions
for slice thicknesses, 18.9 mm, 15mm, 9mm and 5mm. The bottom row shows the
corresponding GA images from the single data set. High image quality is obtained from the
GA CMT scan with clear depiction of anatomical details in the lower abdomen, even though
image contrast is restricted due to the use of minimum TR and TE in both LA and GA scans.
A nearest matching cartesian static image acquired with a slice thickness of 12 mm is shown
for comparison.

Figures 5a and 5b show coronal reformatted whole-body images of the LA and GA
acquisitions at the four slice thicknesses, Progressively fine anatomical detail is seen in the
GA reconstructions with decreasing slice thickness, for example, as indicated in the knee by
white arrows. In comparison, the LA images are seen to suffer from stair-step artifacts,
especially in the 18.9 mm, 15 mm and 9 mm volumes. Stair-step artifacts are not apparent at
the lower slice thicknesses for LA CMT. However, improvement in coronal image quality
comes at the price of increased in-plane artifacts as seen in Figure 4, due to the low number
of profiles per slice.

Human data with 12 mm and 6 mm slice thicknesses and a fly through movie of the whole
body at 18.9 mm have been included as online supporting material. In support MRM’s
mission of reproducible research, the source code and data are freely available for download
at https://github.com/senguptasaikat/MRM_Sengupta_Moving_Table_Golden_Angle_MRI
(SHA-1 hash = 31b0d2d016b4c1f0535e2bcdfal4d9f245cf66fd)

DISCUSSION

Continuously moving table MRI is a powerful technique for high throughput whole-body
examination. In this article, we have presented the benefits of GA CMT MRI over LA CMT
MRI at 3 Tesla. While both LA and GA based CMT MRI produce good image quality, GA
sampling introduces significant flexibility to CMT MRI. Particularly, it affords free choice
of reconstructed slice thickness from a single scan, which is not possible with a single LA
acquisition or with existing Cartesian CMT methods. This flexibility afforded by GA
sampling can prove to be valuable in many clinical applications, which warrant for example,
focused examination of small pathologies.

The unique sampling scheme of GA ensures that fine moving features along most directions
are well encoded, which is not the case for LA, particularly at higher table speeds. LA CMT
reformats also suffer from stair-step artifacts for larger table pitches and although the artifact
levels reduce with lower pitches and thinner slices, reducing the pitch beyond a limit
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degrades in-plane image quality in both LA and GA due to the low number of profiles per
slice. Therefore, GA sampling scheme allows a larger bandwidth of tolerable table pitches
and therefore underlying table speeds, compared to LA CMT. In our experiments, the effect
of excitation thickness on CMT image quality was not investigated. Use of other excitation
thicknesses and pitches might result in changes in the image quality performance of LA vis-
a-vis GA CMT MRI. One possible drawback of GA sampling however, might be stronger
eddy current and residual echo effects in comparison to LA due to faster angular rotation of
the gradients.

Increased tissue T1 relaxation times at 3 Tesla create novel technical challenges for CMT
MRI, especially if table speeds are limited. A table speed slower than the 20 mm/s used in
this study will therefore be critical in boosting signal levels at 3 Tesla. Another challenge at
3 Tesla is the increased field inhomogeneity, which can give rise to a range of off-resonance
artifacts. One strategy of dealing with field inhomogeneities along the extent of the body
would be to perform continuous By shimming optimized to the region of the body being
imaged. Our initial results of this dynamic shimming approach in CMT MRI are promising,
and show the potential for whole-body slice wise field optimization (46). Furthermore, By
field variations along the extent of the body may also be minimized in a slice specific
manner. Increased chemical shift at 3 Tesla may also introduce image artifacts, especially in
locations of the body with significant adipose tissue depots. The tuning and loading the body
coil as well as specific absorption rate (SAR) limits are additional factors, which may
depend of the table position. These were however not accounted for in the current work. The
single slice CMT MRI approach employed in this work is highly efficient since it does not
require lead-in or lead-out phases as in sliding multslice acquisitions or initial filling of the
data matrix as in 3D CMT MRI. Whole body water/fat composition imaging is a primary
potential application of the single slice GA technique presented in this paper, However, the
single slice approach might be limited in its extension to other contrasts, requiring longer
TRs. Generation of other contrasts while maintaining GA sampling in z space allowing for
slice reconstruction flexibility may necessitate multi slice imaging or slice following
techniques. Though the results presented in this work were obtained on a 3 Tesla scanner,
the GA CMT approach should be useful at other static field strengths including lower fields
such as 1.5 T and higher fields such as 7 T. Clinical body MRI is still dominated by 1.5 T
scanners, and GA CMT MRI offers new flexibility for faster scanning and slice
reconstruction. Body imaging at higher fields, such as 7 T, relies on other technological
developments related to parallel transmit coils and B1 correction methods. However, GA
CMT could improve high field MRI covering the extended FOV of the body by using the
most homogeneous region of the B0 and B1 fields in the axial plane near isocenter.

Our future work will focus on the integration of contrast generation methodologies with GA
based CMT MRI, including long TR scans, interleaved multislice imaging, dynamic scanner
adjustments, multichannel coil reconstruction, integration of parallel imaging and
compressed sensing reconstruction techniques, as well as clinical application of this
technology.
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CONCLUSION

GA sampling affords powerful flexibility to radial whole-body CMT MRI. From a single
scan, GA CMT MRI allows the reconstruction of arbitrary slice thicknesses with excellent
image quality and no increase in imaging time. Further developments in image contrast
generation; parameter optimization and multicoil acquisition are needed to fully exploit the
benefits of this technique.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Linear Angle and Golden Angle radial CMT MRI data sampling patterns in normalized k
space units. Table motion occurs in the Z direction.
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STATIC RADIAL

Figure 2.
Panels showing axial CMT MRI image reconstructions. A slice through the ACR phantom,

which includes the crossing 45° wedge features, is chosen for comparison. (a) 4x4 panel
showing slices reconstructed at 13.8 mm, 10 mm 8 mm and 5 mm thicknesses (rows) from
LA data acquired at the respective z spans over 180 degrees of radial coverage (columns).
Diagonal entries with white enclosing boxes in the 4x4 matrix represent the nominal
reconstructions from the four LA scans. Non-diagonal elements show over or under-sampled
reconstructions. (b) Four GA reconstructions at the same slice thicknesses from the single
GA data set. (c) Static radial images at the nearest slice position for comparison. GA
provides complete flexibility of slice reconstruction, while LA suffers when under-sampled
(severe streaking artifacts) or oversampled (loss of image sharpness).
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Figure 3.
Coronal reformatted images of the phantom setup. (a) Panel showing full-extended 1500

mm field of view for 13.8 mm, 10 mm 8 mm and 5 mm thicknesses for LA and GA data.
Stair step artifact is observed in the LA setting. GA images show excellent image quality
with clear depiction of the ring feature in the ACR phantom. White arrow shows direction of
table motion. (b) Coronal zoomed in sections showing comparisons of a grid feature in the
ACR phantoms. Grid separators (15 mm apart, 1.35 mm thickness) are resolved clearly in
the GA images. LA images show stair-step artifacts and the grid is not clearly resolved even
in the 5 mm reconstruction. A profile across the grid feature along the z direction of table
motion is displayed for each image.
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Figure4.
Axial slice comparisons at the level of the abdomen. High image quality is obtained with

GA at all reconstructed slice thicknesses; despite the relatively high table speed of 20 mm/
sec. A static Cartesian image at a closest matching location acquired with a slice excitation
thickness of 12 mm matching the CMT acquisitions is shown for comparison.
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Figure5.
Coronal reformatted whole body images of the human volunteer (a) Four separate LA CMT

MRI scans. Depiction of fine detail in the knee is limited compared to the GA images in
Figure 5b, especially in the 18.9 mm, 15 mm and 9 mm volumes. (b) Coronal reformatted
whole body images with GA CMT MRI from a single scan. Excellent image quality is
obtained with the GA technique without stair-step artifacts seen in the LA case. No
interpolation was performed on the GA data sets. Progressively finer detail is observed with
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the reconstruction of thinner axial slices as pointed out in the knee by small white arrows.
Direction of table motion is indicated by large arrow.
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