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Abstract

Adiabatic pulses are useful in achieving uniform excitation profiles in the presence of B;
inhomogeneity. At higher fields, this inhomogeneity becomes more severe, further amplifying the
need for By-insensitive excitation. Although gradient modulation techniques for slice-selective
adiabatic excitation have been introduced, a pulse that falls within the gradient and RF amplifier
limits for most commercial human scanners is currently unavailable. In this work, we present an
alternative gradient modulated approach for pulse design that achieves adiabatic slice selection with
significantly lower RF peak power requirements. The resulting Slice-selective Tunable-flip
AdiaBatic Low peak-power Excitation (STABLE) pulse consists of an oscillating gradient in
conjunction with a BIR-4-like RF envelope that is sampled by many short spatial subpulses to achieve
spatial selectivity. Simulations show that the expected spatial profile as well as the off-resonance
behavior of the pulse remain invariant for a range of By values. Phantom and in vivo results
demonstrate the adiabaticity and slice selectivity of the STABLE pulse.
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2 Introduction

MRI at high magnetic fields offers the advantage of increased SNR but suffers from signal
losses due to increased B4 inhomogeneity. Adiabatic pulses, particularly 180° slice selective
inversion and refocusing pulses [1], may be used instead of standard windowed sinc pulses to
provide some immunity to Bq variations. BIR-4 pulses [2,3] have been shown to achieve
adiabatic excitation with user-selectable flip angles. However, these pulses are neither spatially
nor spectrally selective.

The BIR-4 pulse design has been extended through the use of gradient modulation techniques
to create slice-selective adiabatic excitation pulses. Examples include GMAX [4], BISS-8 [5]
and SLAB-4 [6]. Unfortunately, these techniques require high RF amplitude, typically above
the maximum output of the RF amplifiers available on most available commercial human
scanners. They also require a high gradient strength and slew rate. This limits their utility to
applications such as MR microscopy, animal experiments, and human studies using small
surface transmit RF coils [5,6]. In this work, we have developed an alternative gradient
modulated approach that achieves adiabatic slice selection with significantly lower RF peak

Correspondence to: Priti Balchandani Lucas Center for MR Spectroscopy, Stanford University 1201 Welch Road Stanford, CA,
94305-5488 Phone: (650) 723-5945 Fax: (650) 723-5795 E-MAIL: E-mail: pritib@stanford.edu.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Balchandani et al. Page 2

power requirements. Our Slice-selective Tunable-flip AdiaBatic Low peak-power Excitation
(STABLE) pulse consists of an oscillating gradient in conjunction with a BIR-4-like RF
envelope that is sampled by many short spatial subpulses in order to achieve spatial selectivity.
These adiabatic pulses can be designed to achieve an arbitrary flip angle. The theory and design
of the pulses is similar to that of conventional, non-adiabatic, spatial-spectral pulses. However,
STABLE pulses are only spatially selective. The peak RF amplitude required to achieve
adiabaticity for these pulses is well within the capabilities of our system’s RF coil/amplifier
combination, which is 17 xT. In addition to adiabaticity, greater immunity to chemical shift
localization error results due to the high spatial bandwidth of the short subpulses used for spatial
selectivity.

3 Methods

3.1 Pulse Design

First, an adiabatic excitation pulse similar to the BIR-4 [2] pulse was designed. As in the
conventional BIR-4 design, the pulse was made up of four adiabatic half-passage segments,
with the first and the third segment being time-reversed. In contrast to the BIR-4 design, a sech/
tanh amplitude/frequency modulation function was used instead of the usual tanh/tan
modulation function so that the amplitude variations were sufficiently slow to be accurately
sampled by a reasonable number of subpulses. The equations for the amplitude and frequency
modulation functions for the pulse are:

Qpsech (Br) 0<t<T,/4 (segment 1)
Q(1)={ Qusech (B(t-T,/2)) T,/4 <1<3T,/4 (segment 2 & 3)
Qpsech (,8 (t - Tp)) 37,/4<t<T, (segment 4) ()
—upBtanh (Br) 0<1<T,/4 (segment 1)
Aw(t)={ —pptanh (B(t - T,/2)) T,/4 <1<3T,/4 (segment 2 & 3)
—pBtanh (ﬁ (t - Tp)) 3T,/4<t<T, (segment 4) )

where Q(t) is the amplitude modulation function, Aw(t) is the frequency modulation function,
Qg is the maximum B4 field, g is the modulation angular frequency, u is a dimensionless
parameter that determines the spectral bandwidth, and Ty, is the pulse duration.

A pvalue of 280 rad/s and x of 3.4 were chosen to minimize pulse duration, and therefore echo
time, and achieve good off-resonance behavior while maintaining adiabaticity. A phase
discontinuity was introduced between the first and second segments and between the third and
fourth segments to produce the desired flip angle, which is 90° for this particular design. The
final adiabatic spectral excitation pulse was 21 ms long and had a spectral bandwidth, or off-
resonance immunity, of approximately 80 Hz. The spectral pulse was then subsampled with
the number of sublobes chosen as a trade-off between adiabaticity and minimum slice
thickness. Given a fixed pulse duration, if the pulse is sampled too finely, the subpulse duration
is too short to cover the gradient area required for thinner slices. If the pulse is sampled too
coarsely, the spectral profile for the BIR-4 spectral envelope degrades. Course sampling also
results in spatial subpulses with larger flip angles that are more easily overdriven, yielding a
spatial profile that is less B;-immune.

The final STABLE pulse was comprised of 33, 0.64 ms-long, conventional small tip-angle
subpulses scaled by the sampled values of the adiabatic envelope given in Egns. 1 and 2. The
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subpulses were a least squares Fourier design with a time-bandwidth product of 2.75 generated
using the firls function in MATLAB (The Mathworks, Natick, MA, USA). The resulting spatial
bandwidth was 4300 Hz. Figures 1 A & B show the magnitude and phase of the final STABLE
90° RF pulse. The pulse is played in conjunction with the oscillating gradient waveform shown
inFig. 1 C. Figure 2 is the simulated 2D spatial-spectral excitation profile for the pulse, showing
the slice profile at a range of off-resonant frequencies. The slice profile remains constant for
a 40 Hz shift in resonant frequency.

The adiabaticity of spatial and spectral excitation profiles of the pulse were first verified
through simulations. In Fig. 3 A, the simulated spatial profile is shown for a range of B;
overdrive factors above adiabatic threshold. If the nominal B4 is set to be at the adiabatic
threshold, the pulse may be overdriven by 67% (overdrive factor of 1.67) before reaching RF
peak amplitude limit of 17 xT for our 3T RF coil/amplifier combination. An increase in stop
band ripple as well as some signal loss at the center of the spatial passband at higher overdrive
factors is noticeable in Fig. 3 A. However, the spatial profile is still fairly stable for the B,
range at which we plan to operate, which is at overdrive factors below 1.67. Figure 3 B shows
the spectral profile of the pulse over the same range of B1 overdrive factors. Close to 100%
excitation is achieved for resonances within a 80 Hz spectral bandwidth, even at very high
B, overdrive factors.

In order to determine the behavior of the STABLE pulse when exciting spins with short
relaxation times, the pulse excitation profiles were simulated for a range of T, values. The
results are shown in Fig. 4 A and B for the spatial and spectral (i.e. off-resonance) profiles
respectively. Signal loss at the center of the selected slice begins to occur at T, values less than
15 ms.

Specific Absorption Rate (SAR) was calculated for the STABLE pulse and compared to a
conventional windowed sinc pulse with the same spatial bandwidth as well as a BIR-4 pulse
with the same spectral bandwidth. SAR for the STABLE pulse was 5 times the SAR of the
conventional sinc pulse and 1.27 times the SAR for the BIR-4 pulse.

3.2 Final Pulse Sequence

The STABLE pulse was integrated into a Gradient Recalled Echo (GRE) sequence to compare
it to a standard GRE sequence with a conventional Hamming-windowed sinc (here-onafter
referred to as sinc) excitation pulse. Figure 5 shows the RF amplitude, phase and gradient
waveforms for the GRE sequence which uses the STABLE pulse for excitation. With the 21
ms STABLE pulse, a 1.7 ms phase encode and 4 ms readout duration, a minimum echo time
(TE) of 14.2 ms can be achieved. Due to the spin-locked state of the magnetization for the
duration of the STABLE pulse, instead of pure T, decay, the signal decay occurs by a
combination of longitudinal and transverse relaxation in the rotating frame. A magnetization
vector that is rotating perpendicular to the effective field of an adiabatic pulse, undergoes
T, relaxation [7]. During a BIR-4 pulse, the magnetization vector remains mainly
perpendicular to the e ective field; therefore, relaxation during the STABLE pulse will be
mainly due to To,. Also, T,* decay begins at the end of the pulse instead of the midpoint.
Hence, the TE value is not exactly analogous to the TE for a conventional GRE sequence,
during which both pure T, decay and T,* decay occur. As a result, The e ective TE for the
sequence in Fig. 5 is actually much shorter than 14.2 ms due to the slower effective decay of
the magnetization.

3.3 Phantom and In Vivo Experiments

Data was obtained from a spherical agar phantom scanned with a standard birdcage head coil
at 3T (Echospeed whole-body magnet; GE Healthcare, Waukesha, W1, USA). A 5 mm slice
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was excited with the STABLE pulse using the sequence in Fig. 5 and compared to a
conventional sinc pulse in a GRE sequence. Acquisition parameters were: TE/TR = 14.2/500
ms and matrix size = 256x256. Several such images were obtained with the STABLE pulse
scaled to a range of B4 values. The experiment was repeated for the conventional sinc pulse.
B scaling was performed by varying the pulse amplitude to a percentage of the nominal By
value, in increments of 10%. The nominal B, value was the value set during prescan at which
the maximum signal was received from the entire excited slice. Variation in the image cross
section was compared.

In order to test slice selectivity, several through-plane images of the spherical phantom were
obtained by changing the readout gradient to the slice-select dimension. Acquisition parameters
remained the same (i.e. slice thickness =5 mm, TE/TR = 14.2/500 ms and matrix size =
256x256). Cross sections of images obtained using the STABLE GRE sequence as well as a
conventional GRE sequence were obtained for a range of B4 values, so that slice profile
degradation as B was overdriven could be compared.

In vivo data was obtained from the brain of a normal volunteer scanned at 3T (Echospeed
whole-body magnet; GE Healthcare, Waukesha, W1, USA) with a standard birdcage head coil.
As in the case of the phantom experiments, several images were obtained using the STABLE
pulse as well as a conventional sinc scaled to a range of B1 values and image cross sections
were compared. Acquisition parameters were: slice thickness =5 mm, TE/TR=14.2/1000 ms
and matrix size = 256x256.

4.1 Phantom Results

Figure 6 shows an in-plane image from a spherical agar phantom scanned at 3T obtained using
(A) the STABLE pulse and (B) a conventional sinc pulse. A GRE sequence was used to excite
and image a 5 mm slice. Several such images were obtained with the STABLE pulse scaled
from +70% to -60% of the nominal RF pulse amplitude. Figure 6 C shows the plots of a few
chosen central horizontal cross sections through the phantom. The adiabatic threshold is
reached at around 40% below nominal peak B;. Above the adiabatic threshold, the excited
cross section remains largely invariant. The same experiment conducted using a standard GRE
sequence with a conventional sinc pulse yielded the result in Fig. 6 D, demonstrating that
scaling the RF causes significant variation in the image cross-sections. All obtained cross
sections are plotted against B value and shown in the form of mesh plots in Fig. 6 E and F for
the STABLE and sinc pulse respectively.

The cross sections in Fig. 6 C are not flat due to image shading caused by the receive B4 profile.
Figure 7 shows the cross section of the receive B4 profile for the head coil used. Images obtained
from both STABLE and sinc pulses are attenuated by this profile. Because adiabatic pulses
can only reduce transmit B; inhomogeneity, image shading due to the receiver B4 profile is
still present.

Figure 8 shows the selected slice obtained from through-plane images of the spherical agar
phantom acquired using (A) the STABLE pulse and (B) a conventional sinc pulse in a GRE
sequence. As in the in-plane case, several images were obtained with the STABLE pulse scaled
from +70% to -60% of the nominal RF pulse magnitude. See Fig. 8 C for plots of the central
vertical cross sections of these images, showing the slice profile achieved by the spatial
subpulses of the STABLE pulse. Some degradation of the slice profile occurs at larger By
values due to higher flip-angle subpulses becoming slightly overdriven. However, the effect
is much less than that seen in Fig. 8 D for slice profiles of a sinc pulse that is identically scaled.
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4.2 In Vivo Results

Refer to Fig. 9 for in vivo data from the brain of a normal volunteer scanned at 3T. Figure 9 A
shows an image obtained using the STABLE pulse in a GRE sequence to excite and image a
5 mm slice. Several such images were obtained with the STABLE pulse scaled from -20% to
+30% of the nominal RF pulse magnitude. Figure 9 C shows the plots of the central horizontal
cross sections of these images, demonstrating minimal variation of the cross-sectional profile
as B is varied. Of the variation that does occur, some portion may be attributed to patient
motion between scans. The same experiment was conducted using a standard GRE sequence
utilizing a sinc pulse with the same sequence parameters. Figure 9 B shows the image obtained
with the sinc pulse and Fig. 9 D shows the horizontal cross-sections when By is varied.
Variations with B4 scaling are evident in the images generated using the sinc pulse.

5 Discussion

Phantom and in vivo data demonstrate that the STABLE pulse is slice-selective as well as
adiabatic over at least a 50% change in By while remaining within the 17uT limit of our 3T
RF coil/amplifier setup. B4 variation across the adult human head has been reported as 23% at
4T and 42% at 7T [8]. Thus, given the range of B1 immunity offered, the STABLE pulse may
also be useful at these fields. The pulse used to obtain the phantom and in vivo data in Figs. 6,
8 and 9 was designed to achieve a 90° flip angle, however, STABLE pulses may be designed
to achieve arbitrary flip angles simply by adjusting the phase discontinuity introduced between
the pulse segments.

When comparing Fig. 9 A and B, contrast in some regions of the brain is noticeably di erent.
Contrast between gray and white matter seems to be slightly enhanced for the STABLE pulse
versus the sinc, especially at the periphery of the brain. Several different factors may be
contributing to the unique contrast achieved by the STABLE pulse. First, the magnetization
vector is mainly spin-locked perpendicular to the e ective field for the duration of the STABLE
pulse. The magnetization vector in this state undergoes T, relaxation. T, contrast has been
observed in the brain and was found to be dominated by dynamic averaging (e.g., exchange
and di usion between different magnetic sites), with only a small contribution from dipole-
dipole interactions [9]. T,, has been found to be generally 50% greater than T, throughout the
brain, resulting in overall improved T,-like contrast in To-weighted images [10]. The slightly
enhanced gray-white contrast in the in vivo images acquired using the STABLE pulse, may be
the result of this e ect. Second, since readout occurs close to the end of the STABLE pulse in
our sequence (Fig. 5), reduced T,* decay may also affect the contrast. In Fig. 9 A, To* decay
begins at the midpoint of the sinc pulse and continues for the duration of TE (14.2 ms) until
readout. In contrast, in Fig. 9 B, T,* decay begins at the end of the STABLE pulse. The spin-
locked state of the magnetization for the duration of the pulse results in the suppression of
To* decay. Thus, in this case, To* decay continues for only 3.2 ms. Third, substances that
experience motion, such as cerebrospinal fluid (CSF), may behave di erently if they are spin-
locked for a large portion of TE, as is the case for the sequence in Fig. 5. This may explain the
slightly brighter CSF signal in Fig. 9 A when compared to Fig. 9 B. Lastly, some of the enhanced
signal observed at the periphery of the brain may be due to the flatter transmit B4 profile of
the STABLE pulse resulting in less apodization of the image.

The 21 ms STABLE pulse designed in this study is robust to a +40 Hz center frequency shift
due to By inhomogeneity. When comparing Figs. 9 A and B, no additional artifacts due to
By shifts are apparent for the image acquired with the STABLE pulse, indicating su cient off-
resonance immunity at 3T. However at higher fields such as 7T, a STABLE pulse with a greater
spectral bandwith may be required to remain immune to By inhomogeneity, which scales with
field. This can be achieved by increasing the . or § values in Egns. 1 and 2. However, for the
same RF peak amplitude, this will require an increased pulse length in order to prevent
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discontinuities at the margins of the the RF envelope due to truncation. As the total pulse length
increases, it is possible to use more subpulses (subpulse duration is unchanged), resulting in a
more accurate estimate of the spectral envelope and consequently smoother off-resonance
profile. Longer pulses result in longer echo times, however, since the transverse relaxation of
the magnetization during the pulse is due mainly to T, which is larger than T, slower decay
of magnetization can be expected, easing the requirement for a short pulse duration.

Figure 3 shows that the spatial and spectral profiles for the STABLE pulse are invariant for
B4 values well beyond 17 uT. When a small surface coil is used instead of a volume coil, RF
amplitudes in excess of 50 4T may be possible. The current version of the STABLE pulse
would provide robust abiabaticity when overdriven to this value. However, the increased RF
peak amplitude allows the option of retaining the same range of adiabaticity, while increasing
the spectral bandwidth of the pulse by increasing the value in Eqns. 1 and 2. This would result
in a higher adiabatic threshold (which would now be tolerable due to the increased peak RF
amplitude) as well as increased off-resonance immunity. In general, increased available B
leads to more flexibility when designing the STABLE pulse, as long as SAR limits are not
exceeded.

Future work is focused on finding the optimal amplitude and frequency modulation functions
for the STABLE adiabatic envelope so that sampling errors may be minimized. Further analysis
is also required to understand the specific type of contrast achieved by the STABLE pulse.

6 Conclusions

We have designed and tested a slice-selective adiabatic excitation pulse that falls below RF
amplitude and gradient limits on most human scanners. Phantom and in vivo results show slice-
selectivity as well as immunity to B4 variation. The pulse may be useful for many high field
imaging applications.
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Figure 1.

(A) Magnitude and (B) phase of the 21 ms STABLE pulse. The peak B4 value of the pulse is
well below the 17 4T limit of our 3T RF coil/amplifier combination. The accompanying
gradient waveform is shown in (C).
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Figure 4.

Simulated excitation profiles for a STABLE pulse with Ty =21 msand Qg = 12 uT, for arange
of T, values. (A) Spatial profile and (B) spectral profile (i.e. off-resonance behavior) versus
T,. Degradation of the selected slice occurs for T, values less than 15 ms.
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Figure 5.

RF amplitude, phase and gradient waveforms for a GRE sequence using a STABLE pulse for
excitation. The waveform for phase is wrapped. For a 21 ms pulse, an echo time of 14.2 ms
can be achieved.

Magn Reson Med. Author manuscript; available in PMC 2009 June 8.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Balchandani et al. Page 13

——B1+ 0% ‘ ‘ " |—B1+o0s
Bl+ 30% D Bl + 30%

——B1l+ 50% ——B1+ 50%
Bl + 70%
W| —B1-10% —B1-10%
——B1-40% ——B1 - 40%

‘ ‘ ‘ . Jo L
0 50 100 150 200 250 300 O 50 100 150 200 250 300
Voxelbcatbn abng x Voxelbcatbn abng x
E . ¢ Adiabatic Threshold

Figure 6.

Results obtained from a spherical agar phantom using a standard birdcage head coil at 3T. In-
plane image obtained with a GRE sequence using (A) a STABLE pulse and (B) a Hamming-
windowed sinc pulse for excitation. Acquisition parameters were: TE/TR=14.2/500 ms, slice
thickness=5 mm and matrix size=256x256. Chosen horizontal cross sections of several such
images obtained with (C) the STABLE pulse and (D) the sinc pulse scaled to a range of peak
B4 values. The cross-section obtained with a sinc excitation pulse varies significantly as the
B is scaled, 20 while the cross-section obtained with the STABLE pulse stays largely invariant
after adiabatic threshold is reached. Mesh plots, (E and F) showing all cross sections obtained
vs. peak B4 for the STABLE and conventional sinc pulse respectively.
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Horizontal cross section of the B4 receive profile measured for the spherical agar phantom used
in our experiments. Although images obtained using the STABLE pulse benefit from a uniform
transmit profile, they are still susceptible to shading due to the B, receive profile. Consequently
the horizontal cross-section of images obtained using the STABLE pulse follow the shape of
the B4 receive profile.
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Figure 8.

Slice selection for a spherical agar phantom using a standard birdcage head coil at 3T. Image
of selected slice, obtained with a GRE sequence using (A) the STABLE pulse and (B) a
conventional Hamming-windowed sinc pulse for excitation. Acquisition parameters were: TE/
TR=14.2/500 ms, slice thickness=5 mm and matrix size=256x256. Vertical cross section of
several such images, showing the slice profile, obtained using (C) the STABLE pulse and (D)
the conventional sinc pulse, both scaled from +70% to -60% of their nominal B, value.
Variation in slice profile is much more severe for the sinc than the STABLE pulse.
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Figure 9.

In vivo data from normal volunteer obtained using a standard birdcage head coil at 3T. Image
obtained using (A) a GRE sequence with the STABLE excitation pulse and (B) a standard GRE
sequence with a conventional Hamming-windowed sinc excitation pulse. Acquisition
parameters were: TE/TR=14.2/1000 ms, slice thickness=5 mm and matrix size=256x256.
Horizontal cross sections across several such images obtained with (C) the STABLE pulse and
(D) the sinc pulse scaled from -20% to +30% of their nominal B4 value, in increments of 10%.
Cross-sections of the STABLE GRE images remain mostly invariant as B is scaled. Some
variation can be attributed to patient motion between scans.
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