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Abstract

Ultrashort echo time imaging with half RF pulse excitation is sensitive to eddy currents induced
by the slice-select gradient that distort the half pulse slice profile. This work demonstrates
improvements to the half pulse profile by using spatial saturation on both sides of the imaged slice
to suppress the out-of-slice magnetization. This effectively improves the selectivity of the half
pulse excitation profile. A quadratic phase RF pulse with high bandwidth and selectivity is used to
achieve a wide saturation band with sharp edges. Experimental results demonstrate substantially
improved slice selectivity and R2* quantitation accuracy obtained with the out-of-slice saturation.
This approach is effective in making short T2 imaging and quantitation with half pulses less
sensitive to eddy currents.
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Introduction

Ultrashort echo time (UTE) imaging allows detection of tissues with T2 relaxation times in
the sub-millisecond range. Some of the applications for UTE imaging of short T2 species
include the musculoskeletal system, lung, plaque, and frozen tissue during cryoablation [1-
14]. Conventional imaging methods typically have a minimum echo time (TE) of 1-2 ms,
and so are unable to detect these tissues. The minimum echo time in UTE imaging is limited
only by the hardware transmit/receive switching times, which are generally about 100 s,
but can be as short as 8 us [15]. These UTE techniques make it possible to directly image
the short T2 tissues. However, robust quantitative assessment of short T2 components in
vivo remains challenging.

Slice-selective UTE imaging generally uses a half-sinc RF excitation pulse with 2D radial
sampling [1]. Slice selection is achieved by adding together the acquisitions from two
excitations with the slice-select gradient inverted. However, the half RF excitation pulse is
very sensitive to gradient imperfections such as eddy current distortions that cause errors in
the slice profile. Several techniques based on accurate characterization of gradients and k-
space trajectories have been proposed to compensate for these eddy current distortions [16—
20]. Although these corrections have been critical to improve the slice profile for accurate
T2* measurement and quantitation, they are time-consuming, and can be difficult to
implement.
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The purpose of this work was to develop a simple and robust method that makes short T2
imaging and quantitation with half pulses less sensitive to eddy currents. Each half pulse
excitation individually is not very selective, and excites signal far from the intended slice
location. In the ideal case, the slice from each excitation has opposite phase and cancels
perfectly to form the desired slice selection. Eddy currents distort the phase and slice profile
of each half pulse excitation. Thus, the magnetization from out of the slice does not cancel
appropriately when the two excitations are combined, resulting in a distorted slice profile
that is not very selective. In this work, spatial saturation is done symmetrically on both sides
of the imaging slice to suppress the out-of-slice magnetization. This is done so that
imperfect cancellation of magnetization outside the slice does not contaminate the signal.
This effectively improves the selectivity of the half pulse excitation profile in a simple and
robust way.

This approach is similar to outer volume suppression, generally used in applications such as
reduced field-of-view imaging and volume localization in spectroscopy [21-23]. It allows
the ability to accurately isolate a region of interest, with minimal signal contamination from
the surrounding tissue. This is typically accomplished by using saturation pulses to
selectively excite and then dephase the undesired volume magnetization before the imaging
sequence. To suppress out-of-slice (or outer-volume) magnetization, a wide saturation band
with a sharp profile is needed, which in turn requires an RF pulse with high bandwidth and
selectivity. The peak B, amplitude of linear phase RF pulses increases with bandwidth.
Therefore the B; amplitude and power limitations of the RF amplifier and transmit coil
restrict the bandwidth achievable with linear phase pulses. Quadratic Phase (QP) RF pulses
distribute the RF energy more evenly over the pulse duration compared to linear phase
pulses. Thus they can achieve higher excitation bandwidth and improved selectivity (shorter
transition widths), for a given maximum B amplitude and pulse duration [24-27]. QP
pulses generally have limited use for excitation as the quadratic phase they introduce into
the frequency response (i.e. slice profile) cannot be refocused by linear gradients. However,
saturation pulses do not require a linear phase and benefit from having nonlinear phase
dispersion of the saturated magnetization. Hence, a quadratic phase RF pulse was used for
spatial saturation in this work.

Quadratic Phase RF pulse design

The Shinnar-Le Roux (SLR) transform [28] describes an RF pulse with two complex
polynomials A(z) and B(z), which represent FIR filters. In this work, we use the approach
described by Schulte et al [25], where the B polynomial is designed using the complex
Remez exchange algorithm to have a quadratic phase and equi-ripple filter coefficients. The
corresponding minimum phase A polynomial is generated through the Hilbert transform.
The SLR transform is used to convert the polynomials into an RF pulse. When the phase of
A is negligible, the phase of the RF will be similar to that of the B polynomial, thus
obtaining an RF pulse with quadratic phase modulation.

Increasing the amount of quadratic phase of the RF pulse distributes the RF energy more
evenly over the pulse duration, thus reducing the peak B;. However, increasing values of
quadratic phase also lead to greater error in the pulse profile. To achieve the desired out-of-
slice suppression for this work, a large bandwidth and a small transition width was required
to achieve a wide saturation band with very sharp edges. A QP RF pulse was designed with
flip angle of 90°, time-bandwidth product (TBW) = 34, pulse duration = 8 ms, bandwidth
(BW) = 4.25 kHz, fractional transition width = 0.15, Bymax = 0.079 G, and ripple amplitude
<2%, to achieve a saturation band 4.5 cm wide with transition width of 2 mm. This QP RF
pulse was then cosine modulated to obtain two saturation bands on each side of the slice to
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be imaged. The gap between the edges of the saturation bands was 1 cm. After cosine
modulation, the peak amplitude of the pulse was B; = 0.158 G (to achieve the same flip
angle), which was close to the limit of the amplifier. This pulse and its slice profile, as
shown in Fig. 1, was used in all experiments in this work.

All experiments were performed on a 0.5T GE Signa SP interventional MR scanner
(maximum gradient amplitude = 1.2 G/cm, maximum slew rate = 1.6 G/cm/ms). The
excitation part of the 2D UTE imaging sequence used is shown in Fig. 1a. The QP saturation
RF pulse along with a dephasing gradient is played out before the half pulse excitation. Two
excitations with inverted slice-select gradients, shown by the dotted line in the figure, are
combined to form the final slice. A radial readout with ramp sampling is used, and this
sequence is repeated every TR. The QP saturation RF pulse was phase-cycled to effectively
spoil the transverse magnetization [29]. The UTE pulse sequence achieved a minimum TE
of 100 ps for the transmit/receive birdcage coils, and 200 us for the receive-only surface
coils. The echo time TE is defined here as the interval between the end of the half RF and
beginning of data acquisition. No extra eddy current compensation beyond that performed
routinely on the scanner was done in these experiments.

The QP RF pulse designed here was compared to the default cosine-modulated linear phase
saturation pulse available on the scanner. Their suppression profiles were imaged in a
phantom, with the saturation bands in the frequency encode direction. The slice-select
gradient amplitudes were scaled according to pulse bandwidth to excite the same saturation
band thickness. For this experiment, the gap between the saturation bands was 2 cm. A half
pulse excitation with TE = 100 pus was used. The QP pulse achieved a BW = 4.25 kHz
compared to the linear phase pulse BW = 1 kHz. Both saturation pulses had the same time
duration of 8 ms. Peak B1 of the linear phase pulse was 0.11 G, compared to 0.158 G for the
QP pulse.

Several phantom experiments were performed to demonstrate the improved slice selectivity
obtained with out-of-slice saturation. The slice profile of the half pulse, with and without the
QP saturation pulse, was imaged in a doped water cylindrical phantom with a long T2 (~100
ms). The slice profile was measured by placing the readout in the slice select direction.

In other experiments, several short T2 phantoms were imaged with a long T2 phantom
placed adjacent to it in the slice select direction. The phantom setup was such that the slice
to be imaged had short T2 vials in it, with long T2 signal close to, but outside, the slice (~1-
2 cm away). Images were acquired at four different echo times (TE = 0.1/0.4/0.7/1 ms for
Fig. 4 and TE = 0.2/0.5/0.8/1.1 ms for Fig. 5) with the half pulse excitation, with and
without the saturation pulse. A repetition time TR = 35 ms was used for all acquisitions. R2*
maps were calculated by exponentially fitting the signal at different TEs on a pixel-by-pixel
basis.

The T2* values in the phantoms were calculated by imaging the phantoms separately with
non-slice-selective excitation, in order to avoid eddy current errors. The values were found
to be in the range of 0.4 — 20ms. T2* values were converted to R2* values and compared to
show the improvement in quantitation obtained by improved slice selection through the use
of the QP saturation pulses.

The effectiveness of the saturation pulse in removing out-of-slice signal contamination is
also illustrated in an ex vivo tissue freezing experiment, and an in vivo canine prostate
cryoablation experiment. An ex vivo tissue sample was frozen with an MR compatible
cryosurgical probe (Oncura SeedNet cryotherapy system). Images were acquired during
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freezing, at echo times of 0.1, 0.4, 0.7, and 1.0 ms with the half pulse excitation, with and
without the QP saturation bands. R2* maps were calculated from these images. The half
pulse with the QP saturation pulse was also used in an in vivo canine prostate cryoablation to
image frozen tissue around a cryoprobe. The animal study was conducted under protocol
approved by the Stanford University Institutional Animal Care and Use Committee. A
birdcage transmit coil, with receive-only endorectal coil was used in this study. The
cryoprobes were placed through the anterior abdominal wall into the prostate. Imaging was
performed in the coronal scan plane. R2* maps were obtained from images acquired at echo
times of 0.2, 0.5, 0.8, and 1.1 ms during freezing.

The suppression profile of the quadratic phase pulse compared to the default linear phase
pulse is shown in Fig. 2. The higher bandwidth QP pulse achieves a much sharper profile
than the default linear phase pulse. The transition width of the QP pulse is 2 mm, while the
linear phase pulse transition width is approximately 1 cm.

Figure 3 plots the slice profile measurements of the half pulse, with and without the QP
saturation RF pulse. In the presence of eddy currents, magnetization from outside the slice
does not cancel properly, so the half RF pulse slice profile has tails that extend far beyond
the desired slice. These tails are suppressed by the saturation bands, resulting in better slice
selectivity.

The benefit of the improved excitation profile obtained with this method is illustrated in the
following experiments. Figure 4 shows some short T2 vials imaged in the presence of out-
of-slice long T2 signal, using the half RF with and without out-of-slice saturation. Figure 4a
depicts the top view of the phantom setup. The imaged slice contained the short T2 vials
(represented by the gray circles), and a long T2 sphere was placed adjacently out-of-slice.
Due to poor slice selectivity resulting from eddy current errors, the half RF image in (b)
shows significant out-of-slice signal contamination from the long T2 phantom (arrow). With
the saturation bands, this out-of-slice signal is removed and a much better slice selection is
achieved in (c). Figure 4d shows the streak artifacts that result without phase-cycling of the
QP saturation pulse, while using the same gradient dephaser as in (c).

Figure 5 demonstrates the improvements in image quality and R2* quantitation achieved
with improved slice localization. The phantom setup in (a) shows the slice imaged in the
short T2 phantom, with a long T2 phantom placed out-of-slice. The line drawing shows T2*
values measured in the short T2 phantom using non-slice-selective excitation to avoid eddy
current errors. Without the saturation bands, there is signal from the out-of-slice long T2
phantom faintly visible in the magnitude image background (dashed arrow in (c)). The
boundaries of some of the vials that are tilted also have artifacts (solid arrow). The grid lines
in the middle of the phantom are blurred. These errors are also seen in the R2* maps
(arrows). The saturation bands eliminate these artifacts by making the slice profile more
selective. The magnitude images are also shown with a different contrast level in (d), so the
out-of-slice signal is more noticeable. Even if the out-of-slice signal level is low, it induces
errors in the R2* measurements of short T2 spins, as shown in Fig. 5(e) and Fig. 6. Figure 6
shows a comparison of the R2* values measured with and without the saturation bands. The
R2* values measured by non-selective excitation lie along the identity line. The half pulse
alone has errors, while measurements made with the half pulse plus the out-of-slice
saturation bands are closer to the actual values.

Figure 7 and Figure 8 show the half pulse with out-of-slice saturation used to image frozen
tissue. Figure 7 depicts the results of the ex vivo tissue freezing experiment. Without out-of-
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slice saturation, the magnitude image shows signal artificially high at the position of the
cryoprobe (arrow), and inside the iceball. The elevated R2* is an artifact of the time-varying
eddy currents dephasing the signal. Both the magnitude and R2* images are improved with
the saturation bands. Figure 8 shows magnitude images and R2* maps from an in vivo
canine prostate cryoablation. Two cryoprobes inserted into the prostate were used to freeze
tissue sequentially. The magnitude image shows the half pulse with the QP saturation bands
used to image frozen tissue around one cryoprobe (with TE = 200 ps). The R2* map shows
elevated R2* values in the frozen region. The cryoprobe artifact from the second probe
without any frozen tissue, is seen as high R2* as well.

Discussion

UTE imaging with half pulse excitation is challenging as eddy current distortions of the
gradient waveform cause errors in the half pulse slice profile and poor slice selectivity.
Quantitation of short T2 signals has been elusive due to these problems. In most cases short
T2 species are in the minority, and out-of-slice long T2 signal can overwhelm the short T2
signal within the desired slice when the slice profile is imperfect. This work demonstrates a
simple and robust way to improve the half pulse profile by suppressing the out-of-slice
signal to enhance slice localization. The wide and sharp quadratic phase saturation bands
effectively suppress unwanted signal from outside the slice. Experimental results
demonstrate substantially improved slice selectivity, and improved R2* quantitation. Thus,
this approach can be useful in making short T2 imaging and quantitation less sensitive to
eddy currents.

The profile of the saturation bands is very important for successful suppression of out-of-
slice magnetization. Similar to other outer volume suppression applications, this requires
pulses with a broad bandwidth, high selectivity and low errors in the remaining
magnetization. An extremely sharp transition width is essential for successful out-of-slice
suppression, as the bands being excited by the saturation pulse are closely spaced and are
separated by just the slice thickness. The poor selectivity and transition profile of linear
phase pulses limits their use in such cases. Quadratic phase (and other non-linear phase)
pulses can achieve a large bandwidth and high selectivity, and so are very suitable for this
application. Higher order polynomial phase pulses can potentially be used to achieve even
higher bandwidths and/or shorter pulse durations in future work.

Like other saturation pulses, the suppression quality depends on the homogeneity of the
applied RF. Errors in the flip angle, which can occur due to improper scaling of the RF
amplitude on the scanner and spatial inhomogeneites in the RF transmit field, result in
incomplete suppression of the outer volume signal. Large B, fluctuations can also distort the
slice profile of the QP pulse, introducing ripples in the residual magnetization. Due to the
high bandwidth of the QP saturation pulse, the edges of the saturation bands are not
degraded by chemical shift errors. There is little effect of T1 relaxation on the suppression
quality due to the relatively short pulse duration and gradient dephaser, before the half RF
excitation.

A limitation of using spatial saturation to eliminate slice profile errors, is that it sacrifices
the ability to do interleaved multi-slice imaging, in order to achieve good slice profile and
selectivity. Nonetheless, the method is easy and robust to implement. This work was
demonstrated on a 0.5T interventional scanner, but the results certainly apply to higher field
strengths. At higher fields, RF power and SAR might be additional issues needing
consideration. Combining the out-of-slice saturation with long T2 suppression within the
slice of interest may also be useful to improve contrast for short T2 species, and to optimize
the dynamic range for quantitation.

Magn Reson Med. Author manuscript; available in PMC 2009 September 2.
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In summary, the out-of-slice saturation approach presented in this work provides a simple
and reliable method that can be an effective alternative to the time-consuming gradient
characterization and compensation techniques, and can be especially useful for quantitation
of short T2s.
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(a) Pulse diagram of the RF excitation part of the 2D UTE sequence. The QP spatial
saturation RF and dephaser is followed by half RF excitation. A 2" excitation with inverted
slice-select gradient (dotted line) is used to convert the half pulse into a full pulse. (b) The
simulated slice profile for the cosine modulated quadratic phase RF pulse. It achieves
saturation bands 4.5 cm wide with a transition width of 2 mm, on each side of the imaged

slice.
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Figure 2.

Comparison of the saturation profile of the default linear phase pulse profile (middle) versus
the QP pulse (right). The left image is without any saturation bands, for reference. The
intensity profile of the saturation bands along the dotted line is shown in the plot. The QP
pulse has 4 times the bandwidth of the linear phase pulse, and so its saturation bands are
much sharper than the linear phase sat bands.
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Figure 3.

The slice profile magnitude measured with half RF with (solid line) & without (dashed line)
QP saturation in the slice direction. The phantom T2 was 100 ms and the TE was 100 ps.
The out-of-slice saturation bands greatly improve the slice selectivity.
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Figure 4.

Comparison of images with short T2 (1-20 ms) vials imaged with a TE of 200 ps. (a) Top
view of the phantom setup shows the imaged slice containing short T2 vials (represented by
the gray circles), with a long T2 sphere placed out-of-slice. With no out-of-slice saturation
(b), the image demonstrates out-of-slice signal (arrow). With QP saturation (c), the out-of-
slice signal is eliminated. Figure (d) demonstrates a streak artifact that resulted when the QP
saturation pulse was not phase-cycled, with the same gradient dephaser as in (c).
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Figure 5.

A short T2 phantom was imaged with a long T2 phantom placed adjacently, but out-of-slice,
as shown in the phantom setup (a). The line diagram shows the T2* (ms) values in the
phantom (b). Without the saturation bands in (c) - left, there is signal from the out-of-slice
long T2 phantom faintly visible in the background of the magnitude image (dashed arrow).
The boundaries of some of the vials that are tilted also have artifacts (solid arrows). The grid
lines in the middle of the phantom are blurred. The saturation bands eliminate these artifacts
by making the slice profile more selective. With a different contrast-level of the magnitude
image (d), the out of slice signal is more visible. Even if the out-of-slice signal level is low,
it induces errors in the R2* measurements of the short T2 spins. The corresponding R2*
maps (e) also show improvement with the sat bands.
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Figure 6.

Actual vs. measured R2* values, for the images in Fig. 5. Actual R2* values, measured with
non-selective hard RF excitation, lie along the identity line (*). Each column is a different
vial. Half RF (HRF) measurements have obvious errors, while Half RF + Sat band
measurements are closer to the actual values.
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Figure 7.

Magnitude (top row) and R2* (bottom row) images of ex vivo frozen tissue, using half RF
excitation without & with out-of-slice saturation (TE =100 ps). Arrow shows location and
orientation of cryoprobe. Without the saturation bands, there is significant out-of-slice signal
contribution adding into the desired slice within the iceball, leading to artificially high R2*
measurements. There is high signal intensity and blurring in the unfrozen tissue due to poor
slice selectivity. Both magnitude and R2* images are dramatically improved with the
saturation bands.
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Figure 8.

In vivo canine prostate cryoablation - magnitude (left) and R2* map (right) of frozen tissue.
Two cryoprobes were inserted into the prostate. The magnitude image shows frozen tissue
around 1 cryoprobe (arrows), imaged with the half pulse with QP saturation at TE=200 ps.
R2* values were calculated from images at TE = 0.2, 0.5, 0.8, 1.1 ms, and are elevated in the
frozen tissue. The colorbar on the right shows the scale of the R2* values in ms™1. The *
marks the cryoprobe artifact from the 2" probe without any frozen tissue, and is seen as
high R2* as well.
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