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Abstract

High resolution (~0.22mm) images are preferably acquired on whole-body 7T scanners to
visualize mini anatomical structures in human brain. They usually need long acquisition time (~12
min) in 3D scans even with both parallel imaging and partial Fourier samplings. The combined
use of both fast imaging techniques however leads to occasionally visible undersampling

artifacts. Spiral imaging has advantage in acquisition efficiency over rectangular sampling, but

its implementations are limited due to image blurring caused by strong off-resonance effect at

7T. This study proposes a solution for minimizing image blurring while keeping spiral efficient.
Image blurring at 7T was, first, quantitatively investigated using computer simulations and

point spread functions. A combined use of multi-shot spirals and ultra-short echo time (UTE)
acquisitions was then employed to minimize off-resonance induced image blurring. Experiments
on phantoms and healthy subjects were performed on a whole-body 7T scanner to show the
performance of the proposed method. The 3D brain images of human subjects were obtained at
TE=1.18ms, resolution=0.22mm (FOV=220mm, matrix size=1024), and in-plane spiral shots=128,
using a home-developed UTE sequence (acquisition-weighted stack of spirals, AWSOS). The total
acquisition time for 60 partitions at TR=100ms was 12.8min without use of parallel imaging and
partial Fourier sampling. The blurring in these spiral images was minimized to a level comparable
to that in gradient-echo (GRE) images with rectangular acquisitions while the spiral acquisition
efficiency was maintained at eight. These images showed that spiral imaging at 7T was feasible.
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INTRODUCTION

One of the most-pursued goals on whole-body 7T MRI scanners is to produce images with
high spatial in-plane resolutions (e.g., 0.22mm in human brain imaging at FOV=220mm
and matrix size=1024) to visualize small anatomical structures of target tissues. Data
acquisitions of high-resolution images, however, need long scan time. To acquire a 2D
image at matrix size 1024, for example, requires 1024 phase encodings in a full rectangular
sampling or 1024 excitations when one phase encoding is performed per excitation, leading
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to a total acquisition time of 102.4s at TR=100ms in T1-weighted imaging. The time rises
to 102.4 min when 60 slices are required in a 3D imaging, resulting in an unacceptable
scanning time in daily practice.

Some techniques well established on the 1.5T or 3T scanners may be used to reduce the scan
time. Among them are 1) collecting multiple phase- or slice-encoding lines in one excitation
or preparation, such as rapid acquisition with relaxation enhancement (RARE) (1), echo-
planar imaging (EPI) (2), spiral imaging (long curved line) (3-5), or magnetization-prepared
rapid gradient-echo (MP-RAGE) imaging (6); 2) collecting part of phase-encoding lines
such as partial Fourier sampling (7); 3) skipping part of phase-encoding lines by using
parallel imaging such as sensitivity encoding (SENSE) (8) or generalized autocalibrating
partially parallel acquisitions (GRAPPA) (9, 10). These time-saving techniques are available
as product sequences on whole-body 7T scanners and have been used in our studies
individually or in a group for T,*- or Tq-weighted imaging of human brains. The scan time,
however, is still around 12 min for a 3D Tq-weighted image even though both partial Fourier
sampling and factor-2 parallel imaging are used together. However, a combined use of both
parallel and partial Fourier (PF) acquisitions may degrade image quality by occasionally
producing visible undersampling artifacts in some slices.

Spiral imaging has great potential in acquisition efficiency on whole-body 7T scanners. It
may need only 256 or fewer excitations for the 2D image in the example above. More than
three quarters of the total acquisition time is then saved without use of parallel imaging

and partial Fourier sampling. However, spiral acquisition is very sensitive to off-resonance
that causes image blurring (4, 5). Many efforts have been made to correct the off-resonance
blurring (11-20), but spiral imaging is still not as plausible as an alternative technique, EPI
(21-23). The latter has easily-recognizable off-resonance artifacts and decent corrections for
them (24-28, 38).

Spiral imaging may benefit from its capability of acquiring free induction decays (FIDs)
when performing imaging scans on 7T scanners at very short echo time. FID signals can

be collected in spiral acquisitions immediately after excitation pulses, producing an echo
time (<1 ms) much shorter than those in gradient-echo based rectangular samplings which
usually have an echo time of ~17ms in high resolution imaging. Ultra-short echo time (UTE)
allows minimal signal dephasing caused by off-resonance before data acquisition and thus
reduces the overall image blurring. Examples are given in Figures 1-2, showing this benefit
from UTE spiral acquisitions. A side effect, unfortunately, is that u/tra-short echo time is not
capable of producing To*- or To-contrast. Therefore, UTE spiral imaging is used most-likely
for producing T1-weighted images.

The off-resonance blurring, however, is still a major challenge to spiral imaging on the
7T scanners due to long readout time (~10 ms) and large offset frequencies (~300 Hz).
The offset frequency of proton (*H) imaging at 1.0 ppm (the magnitude order of B,
inhomogeneity) is 297 Hz at 7T, compared with 127 Hz at 3T or 64 Hz at 1.5T (29).

This offset can make a pixel twice large in size even at short spiral readout of 2.6 ms (30).
In general, chemical shift frequency at 7T is more than doubled than at 3T for the same
off-resonance spin component in ppm, potentially leading to larger image blurring of that
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component (31, 32). In addition, susceptibility effects due to variation in susceptibility are
also stronger at 7T than at 3T (33-34), resulting in larger offset frequency and thus larger
image blurring. Solutions to the reduction of the off-resonance blurring have been reported
in literature. Shortening spiral readout is the most common idea among them (31). But, no
studies have been reported in literature to discuss this idea in detail or quantitatively, to the
best of our knowledge. The effectiveness of spiral imaging at 7T remains inconclusive.

This study was designed to investigate the positive and negative aspects of spiral imaging
on whole-body 7T scanners and to find out a way to effectively perform it. Computer
simulations were employed to quantitatively investigate spiral image blurring at 7 Tesla. A
hybrid method, which is a combined use of multi-shot spirals and ultra-short echo time,
was proposed to minimize the image blurring. Phantom studies and human subject scans
were implemented on a whole-body 7T scanner to demonstrate the feasibility of this hybrid
method.

METHODS AND MATERIALS

The off-resonance blurring at 7T was quantitatively investigated using computer simulations
to find out its relationship with offset frequency and spiral readout time. A balance between
off-resonance blurring and spiral readout was then identified. Spiral acquisition efficiency
was determined at the maximum spiral readout which was limited by the requirement of
small off-resonance blurring. The feasibility of the proposed method was verified with
experiments on phantoms and healthy volunteers on a whole-body 7T scanner using a
home-developed UTE spiral sequence.

Computer Simulation

Due to lack of analytic formulas for calculating image blurring with spiral trajectory,
numerical calculations (computer simulations) were employed to measure the extent of
spiral image blurring at 7T and to illustrate the blurring as well. Point spread function (PSF)
of spiral sampling was used as a tool for the measurement of the blurring. A cylindrical
volume in the k-space was sampled using multi-shot spiral sampling in the k, — &, plane

and variable-duration slice encodings in the k. direction. This sampling scheme, capable of
ultra-short echo time (UTE) acquisitions and referred to as acquisition-weighted stack of
spirals (AWSOS) (30), was also used in later phantom and human studies. Off-resonance
was incorporated into the generation of the k-space signal,

) hi2 )
S(ky ko ko) = e S22 1 AS [ gz em)2m - 2 kelD) dydx - p(x. 9, 2)
—h/2
(x,y) € FOV
e J2m- [x k@ +y- ky(t)]’

[1]

with time, ¢, starting at TE, offset frequency, A f, slab thickness, A, spin density, p(x, y, z),
and spiral trajectory, (k,, k,). The spiral trajectory was designed using the analytical
formulas described in Ref. (35). Image reconstructions on the simulated data sets were
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implemented by performing discrete Fourier transformations along the k. direction and
the gridding algorithm in the k, — k, plane (36). The non-uniform spiral sampling density
was compensated for with a geometrical weighting before the gridding process (37). The
point spread function was obtained from the simulated data, S(k., k,, k.), when the three-
dimensional (3D) integral in Eq. [1] was set to a constant value (e.g., 1.0).

Image Blurring Measurement

Image blurring was measured in terms of the increase of pixel size which was estimated
with the full width of half maximum (FWHM) of the point spread function related to

a spiral sampling. The image blurring was investigated under two typical values of off-
resonance: 1.0 ppm (or 297 Hz at 7T) representing the magnitude order of the main field
(B,) inhomogeneity and 3.4 ppm (or 1010 Hz at 7T) reflecting the water-fat difference

in resonance frequency in the body. Spiral readout, T,, was altered in a range of 2.600—
9.352 ms (corresponding to 80-18 spiral interleaves) at a spatial resolution of 0.859 mm
(=220mm/256). Longer readouts were not examined due to extra large image blurring at the
investigated offset frequency (297 Hz) and less importance in practice. Longer readouts at
lower offset frequencies could be covered in the investigated range of readout by referring
to a quantity of Q,;;,.. = Af - T,. The FWHM values corresponding to those investigated
readouts were measured, respectively, leading to a plot of the relationship between the
blurring and readout.

Spiral Acquisition Efficiency
The efficiency of spiral acquisition, ¢,,.., was defined in this study as the ratio of the number

of phase-encoding lines used for a full rectangular sampling required by Nyquist criterion,
N,.., to the number of spiral interleaves required for the same full sampling, N,,...,

o = Nrea
P N pirat

[2

The number of spiral interleaves determines the readout time of an individual interleaf. The
readout time alters the extent of image blurring. Spiral efficiency is, consequently, limited by
the requirement of small image blurring.

Balancing image blurring and spiral efficiency

Spiral acquisition efficiency is limited by image blurring and a balance between them

has to be made in practice. We chose spiral efficiency based on total image blurring

which resulted from off-resonance dephasing before and during spiral readout. Total image
blurring was minimized by two measures proposed in this study. First, multi-shot spirals
(e.0., 128 shots at a matrix size of 1024) were used to dramatically reduce readout time,
although significantly lowering spiral efficiency. This measure is effective, straightforward,
and widely acknowledged, but it was not strong enough against image blurring on whole-
body 7T scanners. The second measure, utilizing an ultra-short echo time, was necessarily
introduced to further reduce image blurring which occurred before spiral acquisitions. The
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AWSOS sequence was employed in this study to perform UTE spiral imaging (30). This
two-step reduction in image blurring is referred to as a Aybrid method in this paper.

Experiments on phantoms and human subjects (healthy volunteers) were performed on a
whole-body 7T scanner (Magnetom 7T MRI, VB15, Siemens Medical Solutions, Erlangen,
Germany) with maximum gradient amplitude of 40 mT/m and maximum slew rate of 170
mT/m/ms. An 8-channel head array coil (Rapid Biomedical GmbH, Rimpar, Germany) and
a home-developed UTE spiral sequence AWSOS were employed for data acquisitions. Shim
adjustment for each of data acquisitions was manually implemented with 5-7 iterations to
achieve a good shim (line width <60 Hz).

The phantom experiments were performed with scan parameters: a sinc RF pulse of
duration=0.8ms and cycle=1.5, flip angle=10°, TE/TR=0.59/100ms, FOV=220x220x150
mm3, matrix size=256x256x60, in-plane spiral interleaves=36 (or 64), readout time=5.360
(or 3.440ms), and total acquisition time=3.6 (or 6.4) min. To get a good shim the shimming
volume was put inside the phantom. The phantom images were also used to measure

actual resolution of spiral imaging at high resolution. The resolution measurement was
implemented at the edge of the plastic bars inside the phantom imaged.

The experiments on the subjects were approved by the Institutional Review Board (IRB) of
the University of Pittsburgh and the signed consent forms were collected. Thirteen healthy
subjects were scanned in this study, but the scans on the first six subjects did not produce
an expected Tq-weigted contrast between white and gray matters due to inhomogeneity

in flip angle. Transmitter adjustment on the 7T scanner usually could not find a voltage

for 180° with the 8-channel head coil array used in this study. After figuring out optimal
values for coil voltage (390V) and flip angle (50°), we got images of decent T-weighted
contrast on the last seven scans. These scanning parameters were as follows: sinc RF pulse
of duration=2.0 ms and cycle=1.5, flip angle=50°, TE/TR= 1.18/100ms, FOV=220x220x120
mm3, matrix size= 512x512x60 or 1024x1024x60, in-plane spiral interleaves=64 or 128,
and readout time=10.560 ms (matrix=512 and spirals=64), 5.920 ms (spirals = 128), or
20.160 ms (matrix=1024 and spirals = 128). The total acquisition time (TA) for a 3D
acquisition was 6.4 min for 64 spirals, or 12.8 min for 128 spirals, at TR=100ms.

For comparison in image blurring, a standard gradient echo (GRE) product sequence
provided by the manufacturer was employed to generate high-resolution images. The same
RF excitation was used in both spiral and GRE sequences, and this was achieved by
modifying the RF pulse definition in the GRE sequence. Acquisition parameters for our 3D
GRE imaging were as follows: sinc RF pulse of duration=2.0ms and cycle=1.5, flip angle
(0) = 50°, FOV=220mm, matrix size=512, asymmetric echo, TE/TR=3.1/100ms (minimum
TE used), BW= 490Hz/px (highest BW used), slices=60 at thickness=2mm, partial Fourier
(PF) sampling = 6/8 in both slice and phase encoding directions, GRAPPA at factor=4,
separate reference lines =128, acquisition time (TA) =7.4min. Matrix size at 1024 was not
performed for the GRE imaging due to its long scan time (14.6min).
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Computer Simulations

The point spread functions (PSFs) of spiral sampling at 1.0 ppm (or 297 Hz) at 7T were
obtained at an in-plane resolution of 0.859 mm (FOV=220mm and matrix size=256) and
readouts of 2.600, 3.208, 5.784, and 9.352 ms, respectively. The point spread functions at
zero frequency offset were also calculated as a base line. It was found that the distribution
pattern of the PSF intensity gradually changed with readout increasing, from a disk-shape
distribution at zero off-resonance or short readout (3.208 ms) to a r/ing-shape distribution
at large offset (297 Hz) and long readout (5.784 ms). The profile across the PSF center
accordingly changed from single peak to double peaks. The point spread functions at 3.4
ppm (or 1010 Hz) were also obtained and they were found to have the same distribution
pattern as those at 1.0 ppm but to transfer into the ring-shape distribution more quickly.
Figure 3 demonstrates some of these point spread functions in image format while Figure 4
presents them as profiles.

The switching point of the PSF pattern from dfsk-shape to ring-shape was found at

0./« = 1.3; Where Q,,,.., is a parameter without unit and is defined as the product of readout,
T, and offset frequency, A f. The PSF has a dlisk-shape distribution (or single peak in
profile) when Q,,,.. < 1.3, but has a ring-shape distribution (or double peaks in profile) when
0.7« > 1.3. Figure 5 shows this pattern switching in a readout-offset (T, — Af) plane. This
finding was also mentioned in Ref. (30), but not detailed there, especially for acquisitions at
7T.

Measurements of Image Blurring

The full width at half maximum (FWHM) of the point spread function was measured and
shown in Figure 6a. The FWHM increases with readout linearly at both offset frequencies.
But, the increasing speed at 3.4 ppm is as 2.95-fold large as at 1.0 ppm, as shown by the
linear equations in Figure 6a. At the short readout of 2.6 ms, the FWHM is 2.068 pixels at
1.0 ppm and 11.160 pixels at 3.4 ppm, leading to large imaging blurring. Therefore, spiral
readout should be shorter than 2.6ms at an offset frequency of 1.0ppm at 7T (or 297Hz) to
keep image blurring fewer than 2 pixels. However, spiral readout may be as long as 25ms
when offset frequency is smaller than 30Hz.

The peak intensity of the point spread function was also measured and demonstrated in
Figure 6b. The PSF peak intensity, different from its width, does not decrease with readout
linearly. Due to the pattern switching, the peak intensity in the ring-shape distribution at
3.4 ppm decreases much slower than in the disk-shape distribution at 1.0 ppm. Fortunately,
the ring-shape distribution keeps the peak intensities under 20% of the peak at zero offset
frequency.

Efficiency of Spiral Acquisition

Table 1 lists spiral interleaves, readout times, and acquisition efficiency for three typical
image resolutions of 0.86, 0.43, and 0.22 mm. The efficiency at eight for resolutions of 0.43
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and 0.22 mm was achieved in our /in vivo experiments detailed below. In general, based on
our experience, efficiency between four and eight is achievable for both high resolutions.

Experiments on Phantoms

Figure 7 shows spiral images of a resolution phantom at two readouts. In the long-readout
image (Fig. 7a), off-resonance artifacts are clearly visible in the dark holes (plastic bars)

in the lowest three rows, which have diameters of 2, 4, and 6mm (from bottom to top),
respectively. The artifacts were detached from the edges and extended to the central regions
of the holes, especially in the bottom two rows, indicating a ring-shape distribution of its
point spread function. This also led to an estimate of the main field (B,) inhomogeneity

as 0.8 ppm when referring to Figs 5 and 6a. In the short-readout image (Fig. 7b) the
off-resonance artifacts shrank back to the edges, indicating a disk-shape distribution of its
point spread function. These artifacts are visible only in the bottom two rows.

Experiments on Human Subjects

Figure 8 shows two slices of spiral images of a healthy volunteer’s brain at matrix size
512 with a short readout (5.92 ms) and a long readout (10.56 ms), respectively. While
T1-weighted contrast in the images are decent, image blurring is visible in the images at a
long readout in Fig. 8a. A short readout, near half of the long one, did reduce the blurring
in the images in Fig. 8b. The spiral acquisition efficiency in these scans was eight in the
top images and four in the bottom, respectively. This suggests that spiral acquisition with
an efficiency of four for matrix size 512 (or resolution 0.43 mm) be acceptable in terms of
small off-resonance blurring.

Figure 9a demonstrates spiral images of a healthy volunteer at matrix size 1024 and readout
20.32 ms. The image blurring is smaller than what we expected from such a long readout
due to good shim (60Hz) in this scan. The bright blood vessels in the images were caused by
the fresh blood flowing into the imaging slab from the outside during the data acquisitions.
Out-volume suppression, a technique widely used on the 3T and 1.5T scanners, may be used
to decrease the intensity of the blood vessels, but it was not employed in our scans due to
SAR limitation on the 7T scanner. The spiral acquisition efficiency in this scan was eight
with full Fourier sampling in the slab partitioning. Figure 9b shows GRE images of the
same subject as reference for comparing image blurring. Overall quality of the spiral and
GRE images was almost the same, except for visible undersampling artifacts in the GRE
images (arrows in Fig. 9b) which were introduced by GRAPPA parallel imaging at a large
acceleration factor of 4. An artery segment as indicated by the arrow in Fig. 9a was selected
to quantitatively compare image blurring in both images. The measured diameter of the
artery was 1.1+0.2 mm (mean=SD) in the spiral image and 1.3+0.4 mm in the GRE image,
leading to no significant difference within the accuracy. The offset frequency (Af) in whole
brain region at the slice location was measured on a field map (not shown) and the value was
24.0£29.7 Hz. Consequently, the image blurring in the spiral images was almost the same as
that in the GRE images at an offset frequency of ~30 Hz (or a linewidth of ~60Hz).

Figure 10 demonstrates high-resolution spiral images of a phantom for measuring actual
resolution. The linewidth of shim in this experiment was 53Hz, a very good shim resulted
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from a small shimming volume used. The measured image resolution was 0.322mm (i.e., 1.5
pixels) while the nominal image resolution was 0.215mm (one pixel size). This measured
resolution was slightly larger than 1.2 pixels, the numerical resolution of spiral sampling in
a disk region in the k-space (30). Therefore, the spiral imaging at 7T has achieved a high
resolution as designed.

DISCUSSION

It is a challenge to perform spiral imaging on whole-body 7T scanners in presence of large
off-resonance frequencies. Our initial results are encouraging to those who are pursuing

or interested in this acquisition-efficient technique. The proposed method, characteristic
of multi-shot spirals and UTE acquisitions, was shown to be effective in reducing image
blurring caused by off-resonance. The efficiency of spiral acquisition was, however,
significantly lowered in this method due to massive interleaves used. Nevertheless, the
efficiency still remained at fourto eight at high spatial resolutions of 0.43-0.22 mm (or

at large matrix sizes of 512-1024), and the spiral acquisition was still much faster than
rectangular samplings. This efficiency is otherwise achieved using parallel imaging plus
partial Fourier sampling.

Spiral imaging on whole-body 7T scanners is still a work-in-progress technique toward
clinical applications. Below are main concerns on this technique from our experience.

Spiral image blurring is very sensitive to the shimming of main field B,; good shim produces
small offset frequencies and thus small image blurring. To get a good shim (e.g., linewidth

< 60 Hz) on a whole-body 7T scanner is more difficult than on a 3T or 1.5T scanner

due to lack of uniform excitations. Accordingly, the B, shimming alters from scan to scan,
from subject to subject, and from coil to coil, leading to unstable quality of spiral images.
Off-resonance correction would be helpful to stabilize the quality of spiral imaging. Great
experience in off-resonance correction at 7T has been reported in Ref. 31 for high resolution
spiral imaging and in Ref. 39 for high resolution EPI imaging, respectively.

Flip angle is a major factor determining the white/grey matter contrast on T-weighted
images based upon free induction decay (FID) collections as we did in this study. The
T4-weighted contrast can be reversed at a small flip angle (6 < 14° at TR=100 ms): white
matter in dark and grey matter in bright (Fig. 11). Very short RF duration (<1ms) usually
used in UTE imaging may not produce a flip angle large enough to generate positive T1-
weighted contrast (i.e., white matter in bright and grey matter in dark) due to the limitation
of coil voltage. A little longer RF duration (~2 ms) is thus needed, leading to an increase in
minimum TE (e.g., RF duration=2ms and minimum TE=1.18ms in our AWSQOS acquisitions
in this study) and thus to a little loss in suppression of the off-resonance induced image
blurring.

Flip angle also alters inside and across slices due to strong inhomogeneity of excitation (B,)
field on the 7T scanner. This requires an extra amount in flip angle to secure the positive
T1-weighted contrast for the entire excited slab. This was the reason why a flip angle of 50°,
25% more than the maximum-contrast flip angle of 40°, was used in this study (Fig. 11). A
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large flip angle such as 6 = 50°, usually raises a warning on special absorption rate (SAR)
and a longer TR is then required. This safety issue is the main reason for the limitation of
minimum TR in our AWSOS acquisitions.

The SAR warning also limits the selection of high sinc cycles (>1.5) in this study, leading to
a non-uniform slab profile (decreasing in intensity at the end slices at both sides). Low SNR
was found in these slices (the end-slice images were not shown in this paper) (30). A larger
sinc cycle of 2.5 produced a flatter slab profile, but required longer sinc duration under the
maximum coil voltage and thus increased echo time. It is worth to mention that this is not
the case on the 3T scanners. These RF parameters (2ms in duration and 2.5 in cycle) worked
well on our Siemens Tim Trio 3T scanners without SAR complaints. Other RF pulses such
as Shinnar-Le-Roux (SLR) with a minimum phase may be used to improve the slab profile,
but not convenient to change its flip angle or duration online (29).

CONCLUSIONS

It is a challenge to implement spiral imaging on whole-body 7T scanners due to strong
off-resonance induced image blurring as shown in the computer simulations in this study.
The proposed hybrid method has been demonstrated to be helpful in minimizing the image
blurring and to make spiral imaging at 7T feasible. The efficiency of spiral imaging was
unfortunately balanced down to eight or four because of massive interleaves used in the
hybrid method, compared with that of rectangular acquisitions. The reduced efficiency,
however, still makes spiral acquisition competitive to both parallel imaging and partial
Fourier acquisitions. The use of ultra-short echo time (UTE) in the hybrid method helped
minimize the signal loss caused by off-resonance spins before data collections, but limited
the UTE spiral imaging to producing T1-weighted contrast. These FID-based T-weighted
images have high intensities of tissues/components with short-T, relaxations and may, in
future, provide useful information for disease diagnoses and investigations.
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Fig. 1.
Spiral images of a human brain at 7T for demonstrating evolution of signal dropout and

image blurring (arrows) with TE increasing. Shorter TE produced smaller dropout and
blurring. Acquisition parameters. whole-body 7T scanner, 8-channel head coil array,
AWSOS sequence, sinc RF pulse of 2ms in duration and 1.5 in cycle, 8 = 50°, TR=100ms,
FOV=220mm, matrix size=2586, slice thickness=2mm, and spirals=64 for a readout of
3.52ms.
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Fig. 2.

a) Spiral images of a phantom for showing development of signal dropout and image
blurring (arrows) with TE increasing. (FOV=220mm, matrix size=256, 6 = 50°, TR=100ms,

slice thickness=5mm, and spirals=64 for a readout of 3.52ms).

b) Intensity profiles through the centers of the dark holes in the last row [arrow in a)] for

illustrating signal dropout with TE increasing.

¢) Zoom-in [dashed box in b)] display around the edge of a dark hole in b) for showing
blurring development with TE increasing. The insert plot shows that the edge width at half

maximum increases with TE increasing due to blurring.
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Ts=5.784ms | Ts=9.625ms

Ts=2.600ms] Ts=5.784ms

1.0ppm 3.4ppm

Fig. 3.
Point spread functions of spiral sampling at 7T at off-resonances 1.0ppm (297Hz, a-b) and

3.4ppm (1010Hz, c-d) with FOV=220mm, matrix size=256, resolution =0.86mm. Note that
the distribution pattern of the PSF’s intensity is a ring-shape rather than a disk-shape as at
1.5T (not shown). The diameter of the ring increases with offset frequency and readout time.
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Center-pass profiles of the point spread functions in Fig. 3: a) 1.0ppm and b) 3.4ppm.
Double-peak lines in a)-b) were from the ring-shape distributions in Fig. 3, while single-
peak lines were from the disk-shape distribution at zero-offset frequency. Note that the
intensity at the center of the double peaks in a)-b) decreases with offset frequency or readout
time.
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Contour plot of the product (Q.....) of spiral readout (7.) and offset frequency (A 1), showing
the switching of spiral PSF pattern from disk- to ring-shape when crossing the line
O = 1.3. The small circles indicate values of T, and A f calculated in this study.
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Fig. 6.

a)gPSF’s full width at half maximum (FWHM) and b) peak intensity of spiral sampling at
7T. The peak intensity was normalized to the one at zero-offset frequency. Note that the
FWHM linearly increases with readout at both offset frequencies while the peak intensity
decreases and approaches to a limit of about 10% at 1.0ppm or about 20% at 3.4ppm at long
readouts, instead of to zero due to PSF’s ring-shape distribution.
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Ts=5.36ms|bP Ts=3.44ms

Fig. 7.

Spgiral images of a resolution phantom at 7T for demonstrating image blurring from
readout. The long readout (Ts=5.36ms) in a) clearly showed image blurring (arrow) while
the short one (Ts=3.44ms) in b) reduced the blurring (arrow). Acquisition parameters:
FOV=220mm, matrix size=256, 6 = 10°, TE/TR = 0.59/100ms, slice thickness=2.5mm, and
spirals=36 for Ts=5.36ms or 64 for Ts=3.44ms.
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Slice #30

Fig. 8.
Spiral images of a healthy brain at 7T for showing blurring from readout. The short

readout (Ts=5.92ms) in b) reduced image blurring visibly, compared with the long one

(Ts=10.56ms) in a). Acquisition parameters. FOV=220mm, matrix size=512, 6 = 50°,
TE/TR =1.18/100ms, slice thickness = 2.0mm, and spirals = 64 for Ts=10.56ms or 128
for Ts=5.92ms.
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Higgh-resolution images for comparison at 7T: &) Spiral images of a healthy brain
(FOV=220mm, matrix size=1024, TE/TR=1.18/100ms, 6 = 50°, spirals=128 at a readout
of 20.32ms, slices=60 at a thickness of 2mm, TA=12.8min), and b) GRE images of the
same subject (FOV=220mm, matrix size=512, asymmetric echo, TE/TR=3.1/100ms, BW=
490Hz/px, 6 = 50°, slices=60 at a thickness of 2mm, PF=6/8 in both slice and phase
encoding directions, GRAPPA at factor 4, separate reference lines =128, TA=7.4min). The
spiral images have an overall quality comparable with the GRE images, except for visible

1duosnue Joyiny

Magn Reson Med. Author manuscript; available in PMC 2024 August 25.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Qian et al.

Page 21

wraparound artifacts in the GRE images (arrows) due to a high acceleration factor used in
GRAPPA. The measured diameter of an artery segment [short arrow in a)] is 1.1+0.2 mm on
the spiral image and 1.3+0.4 mm on the GRE images.
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Fig. 10.
Resolution measurement at 7T: a) High-resolution spiral image of a phantom with plastic

bars (dark holes) inside, of diameters from 2 to 10mm, and b) Zoom-in display of the
rectangular region in a). The resolution measured at the edges of the smallest holes was
0.322mm (i.e., 1.5 pixels) while the nominal resolution was 0.215mm (a pixel size).
Acquisition parameters. FOV=220mm, matrix size=1024, TE/TR=1.18/100ms, 6 = 50°,
spirals=128 at a readout of 20.32ms, and linewidth=53Hz from a reduced shimming volume.
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Fig. 11.
Transverse magnetizations of white matter (WM) and grey matter (GM) as well as

their contrast (W-G) at steady state at 7T with TE/TR=1.18/100ms. The transverse
magnetization M,, = p - exp(~TE/T2 *) - sin(0) - {[1 — exp(—=TR/T1)]/[1 — cos(0) - exp(—TR/T1)]}
for white matter (p = 0.74, T2*=23.3ms, and T1=1220ms) and grey matter (p = 0. 88,
T2*=24.2ms, and T1=2132ms). The contrast reversion occurs at flip angle 6 = 14° (arrow)
while the maximum contrast is reached at 6 = 40° (arrow) under the parameters used.
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Table.1.

Spiral sampling parameters on a whole-body 7T scanner.

Imagematrix size  Resolution (mm)*  Spiral interleaves  Spiral readout (ms)”

*

Spiral Efficiency™™*

64 3.440 4
256%256 0.86 32 5.920 8
16 11.040 16
192 4.400 2.7
128 5.920 4
512x512 0.43
64 10.560 8
34 19.020 15
512 6.240 2
1024x1024 0.22 256 10.300 4
128 20.160 8

*
It is actually a nominal resolution at a field of view of 220 mm.

Hk
The readout is calculated at a gradient of 36 mT/m and a slew rate of 153 mT/m/ms.

HokAk

The efficiency is referred to as a ratio of the number of phase encodings for a rectangular sampling to the number of spiral interleaves.
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