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Abstract

Purpose—To demonstrate reduced field-of-view (RFOV) single-shot fast spin echo (SS-FSE)
imaging based on the use of two-dimensional spatially-selective RF pulses.

Materials and Methods—2DRF pulses were incorporated into a SS-FSE sequence for RFOV
imaging in both phantoms and the human brain on a 1.5 T whole-body MR system with the aim of
demonstrating improvements in terms of shorter scan time, reduced blurring and higher spatial
resolution compared to full FOV imaging.

Results—For phantom studies, scan time gains of up to 4.2 fold were achieved as compared to
the full FOV imaging. For human studies, the spatial resolution was increased by a factor of 2.5
(from 1.7 mm/pixel to 0.69 mm/pixel) for RFOV imaging within a scan time (0.7s) similar to full
FOV imaging. A 2.2-fold shorter scan time along with a significant reduction of blurring was
demonstrated in RFOV images compared to full FOV images for a target spatial resolution of 0.69
mm/pixel.

Conclusion—RFQOV SS-FSE imaging using a 2DRF pulse shows advantages in scan time,
blurring, and SAR reduction along with true spatial resolution increase compared to full FOV
imaging. This approach is promising to benefit fast imaging applications such as image guided
therapy.
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INTRODUCTION

Fast spin echo (FSE), or turbo spin echo (TSE), and rapid acquisition with relaxation
enhancement (RARE), are important fast imaging sequences that employ an RF excitation
pulse followed by a number of refocusing pulses in an echo-train to produce multiple spin
echoes (1). With single-shot FSE (SS-FSE), all k-space lines needed for image
reconstruction are collected in one acquisition so that imaging time can be even further
reduced. However, the extremely long echo-train length (ETL) in SS-FSE has side effects
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that result in a degradation of image quality. Firstly, severe blurring usually occurs along the
phase-encoding (PE) direction as a result of Tp-induced signal decay during the echo train
acquisition. Secondly, spatial resolution is sometimes sacrificed in order to reduce the
effects of the T,-induced signal decay. Other problems associated with SS-FSE include edge
enhancement, ghosting, and a higher specific absorption rate (SAR).

Reduction of the total echo-train duration could be accomplished by either shortening the
echo spacing (ESP) or reducing the ETL. Many strategies, such as increasing the receiver
bandwidth, using maximum slew rate, and minimizing the refocusing RF pulse duration, can
be used to shorten the ESP. However, even with these modifications, the reduction of the
echo train duration may still be insufficient for tissues with short T, values.

Reduced field-of-view (RFOV) imaging (2-5) along the PE direction can be employed to
reduce the number of ky lines and hence reduce the ETL without sacrificing spatial
resolution for those applications in which only a small portion of the FOV may be of clinical
interest.

Several techniques have been demonstrated for RFOV imaging, including: spatial pre-
saturation (6,7), orthogonal RF excitation (8-10) and two-dimensional spatially-selective RF
(2DRF) pulses (5,11-14). In the spatial pre-saturation technique, pre-saturation RF pulses
are used to excite the longitudinal spins into the transverse plane within desired saturation
regions, and are followed by spoiler gradient pulses to dephase the transverse magnetization.
The normal imaging sequence is then played out after the transverse magnetization in the
saturation regions has been dephased. Compared to the use of a 2DRF pulse, spatial pre-
saturation is usually much more sensitive to By inhomogeneity, although some techniques
have been employed to improve the B; inhomogeneity tolerance (15-17). For pulse
sequences with long TR such as SS-FSE, another problem associated with spatial pre-
saturation is that T, recovery of the transverse magnetization in the saturation region during
acquisition usually degrades saturation performance. When using 2DRF pulses there is no
such Tq recovery problem because the spins outside of the region-of-interest (ROI) are never
excited. Another option is orthogonal RF excitation, where the slice selection gradient for
the excitation 90-degree pulse is orthogonal to a selection gradient for the 180-degree
refocusing pulse so that the intersection of these two selection profiles produces the desired
RFQOV excitation profile. Orthogonal RF excitation is only compatible with spin-echo
sequences. A further limitation of the orthogonal excitation approach is that dark saturation
bands result when the technique is used for multi-slice acquisitions. Compared to the
previous two RFOV methods, using 2DRF pulses can be an efficient solution for RFOV
imaging. To the best of our knowledge, 2DRF pulses for RFOV imaging have been
proposed for echo-planar imaging (EPI) (11,13,14), normal gradient echo sequences (5,12),
but have not been applied for SS-FSE. The use of 2DRF pulses for RFOV SS-FSE for
reduction of scan time, SAR and blurring is the focus of the work reported in this paper.

MATERIALS AND METHODS
2DRF Pulse Design

The echo-planar 2DRF pulse design used in this work is based on the theory presented by
Pauly et al in 1989 (12). A rectangular path in excitation k-space in the shape of an echo
planar trajectory is applied to provide independent excitation slice thickness control along
both slice selection direction (z) and the phase encoding direction (y). The waveform for a 9-
subpulse echo-planar 2DRF pulse is shown in Fig. 1(a) and the corresponding excitation
profile is plotted in Fig. 1(b). The RF waveform contains a train of SINC-type sub-pulses
with durations of Tg,,. The amplitude for each sub-pulse is weighted by a SINC-Hamming
modulation envelope. The sub-pulses can be played out either during Gz slice-selective
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gradients that are both positive and negative (the bi-polar mode) or only during a positive-
only Gz (the fly-back mode). Gradient waveforms Gy along the PE direction are composed
of short blips at the end of each sub-pulse, with the last blip to bring the trajectory back to
excitation k-space center. If the SINC-Hamming envelope has zero-crossings as shown in
Fig. 1(a), the corresponding sub-pulse will have zero weighting and can be neglected with
minimal impact on the resulting spatial excitation profile. In this case, the areas for the
corresponding Gy blips are doubled (18).

Through applying the Nyquist theorem to an analysis in excitation k-space, it can be seen
that the 2DRF excitation profile is replicated periodically along the PE direction (y) as
shown in Fig.1(b). The distance between two neighboring excitation replicates, or the field
of excitation (FOE), is determined by the blip area (apjip) With the relationship of FOE = 2n/
Yaplip, Where vy is the gyromagnetic ratio. Subpulse density D, which is defined by the total
number of subpulses divided by the time-bandwidth product (TBW) of the envelope pulse,
determines the size ratio of the excited region (or passband width, Wp, including the plateau
and the transition region) to the unexcited region (or stopband width, W;). The sum of
passband width and stopband width equals the FOE size. The more subpulses in each cycle
of modulation envelop, the smaller is the value of Wp/Ws.

The 2DRF pulse was programmed to produce subpulses dynamically in the sequence,
replacing the 90° excitation pulse by prescribing the sub-pulse duration, number of sub-
pulses, the cycles of the SINC-Hamming modulation envelope and the FOE on the scanner
console for each scan. Our approach differs programmatically from other studies where a
pre-defined static 2DRF waveform is inserted into the sequence with a fixed excitation size
(11,13,14). This dynamic 2DRF pulse programming approach provides more flexibility for
applications requiring different sizes of ROIs without the need to design a new 2DRF pulse
waveform for each scan. For the imaging experiments in this study, a bi-polar 2DRF pulse
with seven subpulses (688us each, 4.8ms in total) was used to achieve a reduction factor up
to five. All subpulses are within the main lobe of the SINC-Hamming envelope.

Imaging Experiments

Experiments were performed on a GE Signa 1.5T scanner (General Electric Medical
Systems, Milwaukee,W1) with echo-speed gradients (40 mT /m maximum gradient strength
and a maximum slew rate of 150 T/ m/ s ) and a standard quadrature head coil. A product
half-Fourier acquired single-shot turbo spin echo (HASTE) was adapted for SS-FSE
imaging. Half of the full ky lines plus six overscan ky lines at negative low spatial frequency
in k-space were acquired.

In the phantom study, an ACR (American College of Radiology) phantom was scanned.
This phantom is filled with 10 millimolar (mmol) nickel chloride solution containing sodium
chloride (45 mmol) to simulate biological conductivity. Both full FOV and RFOV images
were acquired with common imaging parameters of FOV = 22 cm, matrix = 256x2586, slice
thickness = 8 mm, receiver bandwidth = 83.33 kHz. For human studies, head images of two
healthy subjects were acquired under an approved Institutional Review Board protocol.
Receiver bandwidth of 20.83 kHz, FOV of 22 cm and slice thickness of 5 mm were used. In
the sagittal plane, the PE direction was chosen as posterior-to-anterior (P-A). High spatial
resolution RFOV images (320x320) were demonstrated and compared to the full FOV
images (128x128 and 192x192). In the axial plane, the PE direction was posterior-to-
anterior (P-A). All images were acquired with high resolution of 320 x 320 within a 22 cm
FOV. The FOV reduction factor (RFOV) of two was used to demonstrate the blurring
reduction compared to full FOV images.
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Fig. 2(a) shows a full FOV image obtained by using the original product slice-selective RF
pulse. Fig. 2(b-e) demonstrates the corresponding RFOV images with reduction factor from
two to five by the 2DRF pulse respectively. Corresponding imaging parameters are listed in
Table. 1 for comparison. Prominent blurring can be found in Fig. 2(a) along the vertical grid
lines compared to the horizontal grid lines due to T, decay during the long echo train
acquisition. By contrast, the blurring artifact is significantly reduced in RFOV images, as
seen in Figs. 2(b-e). The minimum TR was significantly reduced from 1.8 s for full FOV
image to 0.43 s for the RFOV image with the FOV reduction factor of five.

A comparison of the full FOV images of an ACR phantom with those RFOV images
(Rrov=4) using different matrix sizes and receiver bandwidths is shown in Fig. 3. The TRs
for full FOV images (a-d) with matrix size of 256x256 and 448x448 were 1797 ms and 3925
ms respectively regardless of receiver bandwidth. For RFOV images shown in Figs. 3(e-h),
the TRs were reduced to 511 ms and 1058 ms correspondingly for matrix size of 256 x256
and 448x448.

Fig. 4 shows a comparison in spatial resolution between full FOV and RFOV for in vivo
head images. Matrix sizes of 128 x 128 and 192 x 192 were acquired for Fig. 4(a) and (b),
respectively. Matrix sizes of 320 x320 with Ry of two and three were used for Fig. 4(c)
and (d), respectively. The total scan times for Fig. 4(a-d) were 0.74 s, 1.22 s, 0.94 s and 0.69
s, respectively. Compared to full FOV images, fine structures in cerebellum can be seen in
RFOV images due to the much higher spatial resolution. Note that these images have
different T2 contrast due to the different effective TEs. The longer duration of the 2DRF
pulse compared to the product RF pulse, and the longer duration of the readout gradient
(required for higher resolution), both contribute to the extended TE and give greater T2-
weighting in the RFOV images.

Fig. 5 demonstrates the reduction of blurring in a local-look RFOV image (Fig.5(c))
compared to a full FOV image (Fig.5(b)) with the same spatial resolution of 320x320. In
Fig. 5(b), the septum pellucidum and fornix, (indicated by the white arrow), are blurred due
to the T, decay over the long echo train duration. These fine structures, however, when seen
in the RFOV image of Fig. 5(b), are better visualized as a result of the echo train length
being halved. For the same reason, the internal cerebral veins (indicated by the yellow
arrow), show less blurring in the RFOV image.

DISCUSSION

In this study, RFOV SS-FSE imaging using echo-planar 2DRF pulses was demonstrated to
reduce scan time, increase spatial resolution and improve blurring. Scan time gains of up to
4.2 fold were achieved as compared to the full FOV imaging for phantom studies. For
human studies, the spatial resolution was increased by a factor of 2.5 (from 1.7 mm/pixel to
0.69 mm/pixel) for RFOV imaging within a scan time (0.7s) similar to full FOV imaging. A
2.2-fold shorter scan time along with a significant reduction of blurring was also
demonstrated in RFOV brain images compared to full FOV images for a target spatial
resolution of 0.69 mm/pixel.

For RFOV imaging, it is required that the excitation passband width be larger than the size
of the ROI. More accurately, the plateau of the passband (Wp) should be larger than the size
of the ROI. Otherwise the signal drop within the transition region (W) may cause
substantial signal intensity variations through the ROI. Another prerequisite for RFOV
imaging by 2DRF is that no side excitation should be within the FOV, i.e, FOV < W + 2W;
= Wp + 2Wy, + 2W;, to avoid any signal aliasing, provided that the main excitation passband
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is at the center of FOV. Theoretically, the maximum reduction factor could be expressed by
Rrov = (Wp + 2Wg)/Wp, = 1+ 2W/W,. As described previously, Wg/Wp, is determined by the
subpulse density Dg. Therefore, the more subpulses, the larger reduction factor that can be
achieved. On the other hand, in order to reduce the signal drop within the transition region,
the passband profile needs to be as sharp as possible. However, this requires additional
cycles of the modulation envelope, which significantly increases the subpulse number and
total pulse duration.

For gradient echo sequences, the minimum TE and TR will increase by 0.5Topre-Thormal
and Topre-Tnormal Fespectively due to the use of a 2DRF pulse, where Topre and Tpormal are
the total duration of the 2DRF pulse and the normal slice-selective RF pulse, respectively.
However, for the SS-FSE sequence, the minimum spacing between the 90° excitation pulse
and the first 180° refocusing pulse (ESPgg.180-min) Will increase by 0.5T2pre-Thormal, h€nce
the ESP increase will be Topre-2Thormal- The increase of the minimum ESP propagates
through the long ETL that the minimum TR will increase significantly by
(T2DRE-2Thormal) *ETL, provided that 2XESPgg.180-min IS longer than the minimum spacing
between two consecutive 180° refocusing pulses (ESP1g0-180-min)- Note that ESP1g0-180-min
is determined by the durations for the x readout gradient pulse, 180° refocusing pulses and
their crusher gradient sets. In order to reduce the scan time for RFOV imaging by the use of
2DRF pulse, the time reduction due to the shorter ETL must counteract the ESP lengthening
due to the long 2DRF pulse. Otherwise, the total scan time will be increased rather than
decreased by the use of a 2DRF pulse. On the other hand, if the ESP is primarily determined
by the minimum spacing between two consecutive 180° refocusing pulses, i.e.
ESP180-180-min = 2XESPg0-180-min, the use of 2DRF will always gives shorter scan time for
SS-FSE, even if the 2DRF pulse is longer than the normal 90° slice-selective pulse.

Spatial resolution, blurring, SNR and scan time are usually conflicting factors in SS-FSE
imaging, thus tradeoffs have to be made according to the application. In general, the higher
x resolution prolongs the readout gradient length and hence the ESP. Also, the higher y
resolution lengthens the ETL. Both result in the increase of scan time and prominent
blurring in the image. Because the SNR is inversely proportional to the square of matrix
size, the SNR decreases significantly with the increase of spatial resolution for the same
FOV. Although the low SNR could be compensated by a narrower receiver bandwidth, the
blurring becomes more severe because the narrower receiver bandwidth also prolongs the
readout gradient and hence the ESP, as shown in Fig. 3(d). By contrast, finding a suitable
compromise between spatial resolution, SNR, blurring and scan time is possible with RFOV
imaging, as demonstrated by Fig. 3(h) when compared to Fig. 3(d).

The reduction of the 2DRF pulse duration not only benefits RFOV SS-FSE imaging for scan
time reduction but is also important in terms of susceptibility tolerance. In order to reduce
the 2DRF pulse duration, the bi-polar mode is necessary since it has nearly double time
efficiency when compared to the fly-back mode. However, even with the use of bi-polar
mode 2DRF pulses to shorten the overall pulse duration, good shimming performance can
be critical to compensate for By inhomogeneity, especially for higher field strengths. For
example, the bending at the edge of excitation profile due to the field inhomogeneity, as
shown in Fig. 2 and Fig. 3, would reduce the maximum achievable FOV reduction factor.
On the other hand, a delay of even a few microseconds between RF and gradient waveforms
may also result in prominent half-FOV ghosts for off-center slices when using bi-polar mode
2DRF pulses (19). Therefore, a calibration procedure for bi-polar mode 2DRF pulses is
often required. Calibration methods suggested in the literatures (19,20) can be employed for
this purpose.
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Finally, it is worth noting that the modulation envelope profile of a 2DRF pulse also acts as
a spectral selective pulse. Off-resonance spins, such as fat at 220 Hz below water resonance
(at 1.5 T), which are located in the spectral bandwidth of the 2DRF pulse modulation
envelope, will be excited along with the on-resonance spin but with an attenuated
magnitude. Along with this magnitude attenuation, a spatial shift along the PE direction will
also be experienced by the off-resonance spins, depending on the subpulse number and
duration, modulation envelope cycle and off-resonance frequency (21). Incompletely
suppressed off-resonance signal may be aliased into the FOV, as shown by the residual fat
signals (white arrows) and susceptibility (yellow arrows) in Fig. 4(c) and (d). This may be
not problematic for the RFOV images as long as the aliased off-resonance signal does not
overlap with the ROI. For applications where fat has to be suppressed, a longer 2DRF pulse
such as the 18ms 2DRF pulse as described by Saritas et al. can be used (13).

In conclusion, reduced FOV imaging using echo planar 2DRF pulses has been developed for
high spatial resolution SS-FSE imaging with reduced acquisition time, SAR and blurring
artifact in both phantom and human studies. Unlike spatial pre-saturation and orthogonal
excitation, RFOV imaging by 2DRF is less sensitive to B; inhomogeneity, experiences no
T, recovery within the saturation band, and can be used for multi-slice acquisitions. These
advantages make the technique promising for fast imaging applications and image-guided
therapy without sacrificing image quality.
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(a) T (b)

Fig. 1.

(a) RF and gradient waveforms of a bi-polar mode echo-planar 2DRF pulse. Amplitudes for
RF subpulses are modulated by a SINC- Hamming envelope. Note that at the zero crossings
of the modulation envelope, the sub-pulses are skipped and the blip gradient area is doubled.
(b) Simulated excitation profiles by the 2DRF pulse as shown in (a). The 2DRF pulse
provides independent control of excitation thickness along Y and Z directions. The FOE is
determined by the Gy blip gradient area. Due to the discrete sampling of excitation k-space
in the ky direction, replicates of the excitation pattern occur periodically along the PE
direction.
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Fig. 2.

Reduced field-of-view (RFOV) ACR phantom images obtained using a 7-subpulse 2DRF
pulse (FOV = 22 cm, matrix = 256 x 256, slice thickness = 8 mm, receiver bandwidth =
83.33 KHz). The subpulse duration is 688 us. Fig. 2(a) shows a full FOV image obtained
using the original slice-selective RF pulse. Figs. 2(b-e) show the RFOV images with
reduction factor from two to five, respectively. The echo train length and scan time are
significantly reduced without reducing spatial resolution.
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Fig. 3.

In full FOV images (a-d), the increase of resolution reduces SNR. Although the low SNR
can be compensated by a narrower receiver bandwidth, this lengthens the echo spacing and
hence makes the blurring more severe, as seen in Fig.3d. Using RFOV imaging (e-h), the
blurring artifact is significantly reduced as demonstrated in Fig. 3h compared to Fig. 3d due
to a much shorter echo train length.

J Magn Reson Imaging. Author manuscript; available in PMC 2011 July 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yuan etal. Page 11

Fig. 4.

(a) Full FOV sagittal head image with 128x 128 matrix size and ETL=70; (b) full FOV
sagittal head image with 192 x 192 matrix size and ETL=102; (c) RFOV sagittal head image
(Rrov=2) with 320 x 320 matrix size and ETL=86; (d) RFOV sagittal head image (Rroy=3)
with 320x 320 matrix size and ETL=66; Acquisition times for (a-d) were 0.74 s, 1.22 s, 0.94
s and 0.69 s, respectively. Note that the different effective TEs result in altered image
contrast. The effective TEs were 40 ms, 53 ms, 78 ms and 78 ms for (a-d), respectively.
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Fig. 5.

(@) A full FOV axial head image. ETL=166, TE=78 ms, TR=2.2 s, FOV=22 cm, matrix size
= 320%320 and receiver bandwidth = 20.83 KHz; (b) A zoomed image of the ROI shown in
the white square in (a); (c) The RFOV image of the same ROI with the same matrix size and
receiver bandwidth. ETL=86, TE=81 ms, TR=1.0 s; Septum pellucidum and fornix (white
arrow), and the internal cerebral veins (yellow arrow) are much better visualized in (c) due
to the shorter echo train.
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