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Abstract
There is a continuing need for improved RF pulses that achieve proper refocusing in the context of
ultra-high field (≥ 7 T) human MRI. Simple block or sinc pulses are highly susceptible to RF field
inhomogeneities, and adiabatic pulses are generally considered too SAR intensive for practical use
at 7 T. The performance of the array of pulses falling between these extremes, however, has not
been systematically evaluated. The aim of this work was to compare the performances of 21 non-
selective refocusing pulses spanning a range of durations and SAR levels. The evaluation was
based upon simulations and both phantom and in vivo human brain experiments conducted at 7 T.
Tested refocusing designs included block, composite block, BIR-4, hyperbolic secant, and
numerically optimized composite waveforms. These pulses were divided into three SAR classes
and two duration categories, and, based on signal gain in a 3-D spin echo sequence, practical
recommendations on usage are made within each category. All evaluated pulses were found to
produce greater volume-averaged signals relative to a 180° block pulse. Although signal gains
often come with the price of increased SAR or duration, some pulses were found to result in
significant signal enhancement while also adhering to practical constraints. This work
demonstrates the signal gains and losses realizable with single-channel refocusing pulse designs
and should assist in the selection of suitable refocusing pulses for practical 3-D spin-echo imaging
at 7 T. It further establishes a reference against which future pulses and multi-channel designs can
be compared.

Keywords
refocusing; composite radio frequency pulses; RF field inhomogeneity; 7T; high-field human
brain imaging; BIR-4; hyperbolic secant; phase modulation; frequency modulation

© 2011 Elsevier Inc. All rights reserved.
*Corresponding author. Address: Institute of Imaging Science, Vanderbilt University, 1161 21st Ave. South, MCN AA-1105,
Nashville, TN 37232-2310.
1Authors contributed equally to this work.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
J Magn Reson. Author manuscript; available in PMC 2013 January 1.

Published in final edited form as:
J Magn Reson. 2012 January ; 214(1): 212–220. doi:10.1016/j.jmr.2011.11.010.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1. Introduction
Imaging protocols reliant upon the non-selective refocusing of transverse magnetization
(e.g., 3-D versions of spin-echo (SE), turbo spin-echo (TSE), and gradient spin-echo
(GraSE) [1] sequences) typically employ either block- or sinc-shaped refocusing pulses
resulting in flip angles that scale with the integral of the transmitted RF ( ) field intensity.
Adiabatic pulses (e.g., BIR [2, 3] and the hyperbolic secant [4, 5, 6]) as well as composite
pulses (e.g., the 3-part pulse of Levitt and Freeman [7] and the version-S pulse of Poon and
Henkelman [8, 9]) provide refocusing options with varying degrees of insensitivity to  and
B0 field variations. Although these and other related pulses [10, 11, 12, 13, 14, 15, 16, 17,
18] have been considered for use in ultra-high field (≥ 7 T) human brain imaging, the
relative performance and SAR limitations of such pulses remain largely enigmatic in this
context. In response to the need for a systematic comparison of refocusing pulses for this
application, the present study was undertaken with the goals of (1) identifying pulse designs
that could potentially improve refocusing performance at 7 T within practical limits of SAR,
(2) modifying or redesigning such pulses to achieve performance that is specifically focused
on 7 T brain imaging, (3) simulating the refocusing characteristics of chosen pulses given
actual measurements of static (B0) and  field distributions at 7 T, and (4) measuring the
signal gains obtainable with the selected pulses. The results of this work will assist in the
selection of suitable refocusing pulses for given applications as well as form a basis for
establishing the performance limits of practical refocusing pulses executed on a single
transmission channel.

To ensure a degree of practicality, we limited the scope of our studies to refocusing pulses of
limited duration and SAR. Pulse designs considered in this study include: a 180° block
pulse; a 3-part composite of block pulses [7]; a rendition of the version-S pulse [8]; a set of
BIR-4 pulses [3]; a set of hyperbolic secant (HS) pulses [19, 20]; and a set of optimized
composite pulses (OPT-C) [21, 22]. The BIR-4, HS, and OPT-C pulses were all numerically
optimized to enhance refocusing performance over a targeted range of  and ΔB0 values
representative of those encountered in the human brain at 7 T [23]. Three different SAR
constraints and two different total durations were enforced during these optimizations, thus
resulting in six BIR-4, six HS, and six OPT-C pulses. In total, 21 waveforms were
evaluated. Theoretical pulse performances were investigated via simulation of magnetization
responses over ranges of relevant B0 and  values. The actual measured signal gains
resulting from each pulse are reported relative to the signal obtained using a 180° block
pulse in the context of a 3-D SE sequence with a single-shot, echo-planar imaging (EPI)
readout. Experiments were performed in both a 17 cm spherical phantom and the in vivo
human brain at 7 T.

2. Theory
Following an excitation pulse of arbitrary phase, an RF pulse with a 180° flip angle and

arbitrary phase will result in complete refocusing of transverse magnetization lost to 
decay. Underlying this statement are the assumptions that the refocusing pulse is executed at
a time TE/2 halfway between the excitation and signal acquisition and that  field
inhomogeneity does not alter the effective flip angle of the pulse. When variations in the 
field are present, a refocusing pulse with a nominal flip angle (β0) of 180° will result in in an
actual rotation angle given by  where  is the nominal, unaffected RF
field strength. In these terms, on-resonance signal intensity for a SE sequence with repetition
time TR can be expressed as
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(1)

where M0 is the equilibrium magnetization,  is the relative intensity of the RF field
associated with reception, α0 is the nominal flip angle of the RF pulse used for excitation, T1
is the time constant of longitudinal relaxation, and T2 is the time constant of transverse
relaxation due to non-reversible mechanisms. This relationship implies that, for a given
value of  and a fixed value of α0, the maximum achievable signal occurs in the
event that  radians (i.e., the actual flip angle of the refocusing pulse is
180°).

To assess performance differences among refocusing pulses with respect to  and ΔB0 it is
most straightforward to calculate a ratio of signal intensities so that dependencies on receive
profile and relaxation effects are removed from the images. When calculating such ratios of
images from sequences with the same excitation pulse, the same TE, and the same TR but
different refocusing pulses (as is the case in the present study), all factors in Equation 1 are
common with the exception of the β-dependent argument of the sin2 function. Thus, the ratio
of signals SSE;1 and SSE;2 is expressible as

(2)

Signal ratios for all pulses evaluated in this study are determined through experiment but
reflect the value expressed in Equation 1 with SSE;2 representing the signal of the block
pulse with β0= 180°.

For simulations and numerical optimizations, we adopted a Cartesian magnetization space
(Mx, My, Mz) in which reversal of the transverse magnetization phase implies a change in
direction of one of the transverse magnetization components, i.e., (Mx, My, Mz) is changed to
either (Mx, −My, −Mz) or (−Mx, My, −Mz). Such phase reversals can be accomplished
through 180° rotations about the x or y axes, as is the case when employing a 180° block
pulse for refocusing. If the notation  is adopted to indicate the i-th component of

magnetization following an RF pulse given the initial conditions ,
the action of an effective refocusing pulse can be characterized by one of the following: 1)

 and  or 2)  and . Thus, the refocusing capability of any

RF pulse can be evaluated through examination of the quantity , which is equal
to zero in the ideal case. In this study, this same measure is used to determine theoretical
refocusing performance and is the subject of minimization for all numerical pulse
optimizations (see Section 3.1).
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3. Methods
3.1. Pulse designs

The refocusing pulses chosen for evaluation in this study are described as follows and
hereafter referred to with the given nomenclature. All amplitude and phase modulation
waveforms are presented in Figure 1.

BLK—This is the shortest duration block-shaped pulse that results in an volume-averaged
flip-angle of 180°. Because the commercial power optimization of the Philips 7 T scanner
results in the nominal flip-angle being attained for only regions with the highest  (i.e., the
center of the imaging volume), it was necessary in practice to adjust the nominal flip angle
such that the largest volume-averaged signal was achieved. This equated to a 50% net-flip-
angle increase (i.e., the nominal flip angle according to the scanner was 270°). Peak
amplitude was set to the maximum allowed value of 15 μT such that duration was
minimized and bandwidth maximized. This choice along with the desired power adjustment
resulted in a total duration of 1.05 ms.

COMP3—This is the three-part composite rotation ( , with subscripts
indicating the axis of rotation) designed by Levitt and Freeman [7]. In our implementation of
the pulse, the amplitude of each block-shaped component is set to the maximum RF
amplitude of 15 μT in order to achieve maximum bandwidth. Calibrating power to maximize
volume-averaged signal in the same manner as was used for the BLK pulse resulted in a
total pulse duration of 2.10 ms.

VS—This pulse is the 16-component 5.4π composite pulse (version-S) developed by Poon
and Henkelman [8] following modification by means of the same 50% power increase used
with the previously described pulses. After scaling the RF amplitude of all sub-pulses such
that the sub-pulse with the highest flip-angle had an amplitude of 15 μT, sub-pulse durations
were adjusted so as to achieve 150% of the flip-angles prescribed in the original publication.
This resulted in sub-pulse durations of 806.4 μs and a total pulse duration of 12.9 ms.

BIR-4—These pulses are based upon four-part, B1-insensitive rotations with 180° nominal
flip angles ( ) defined according to the RF modulation function in the original
BIR-4 publication [3]. In order to accommodate the potential for different targeted echo
times, we chose to implement these pulses at durations of 6.5 ms and 12.9 ms. Numerical
optimization of the six parameters determining the amplitude, phase, and frequency
modulation of the BIR-4 waveforms [3] was performed on a relevant grid of  and ΔB0
values according to the methods described in Section 3.2. Optimizations were repeated with
three different SAR constraints (referred to as low, moderate, and high), thus resulting in a
total of six different BIR-4 pulses.

HS—These are variants of the hyperbolic secant pulses as described by Silver et al. [19, 20].
The parameters A0, μ, and β that are responsible for the shape of the amplitude and
frequency/phase modulations were the subject of numerical optimizations in the same
manner as with the BIR-4 pulses described above. The same two durations and three SAR
levels used in BIR-4 optimizations were also enforced in the HS optimizations, thus
resulting in a total of six HS pulses. The non-linear phase of HS pulses is problematic for
slice-selective imaging and is often compensated through using composites of such pulses
[5, 6]; however, for 3-D imaging with non-selective pulses, the non-linear phase is
permissible such that only a single HS pulse is required for refocusing.
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OPT-C—These numerically optimized composite pulses consist of a series of block-shaped
components, each having constant amplitude and constant phase. Optimization is performed
as described in Section 3.2 and in the same manner as was adopted for the BIR-4 and HS
pulses. OPT-C pulses, however, were comprised of either 101 or 202 sub-pulses, thus
affording 202 and 404 free optimization parameters, respectively (i.e., one phase and one
amplitude for each sub-pulse). Sub-pulse durations were fixed at 64 μs such that total pulse
durations were either 6.5 ms (in the case of 101 sub-pulses) and 12.9 ms (in the case of 202
sub-pulses). Amplitudes were allowed to range from 0 to 15μT, and phase was free to vary
over the entire range of ±π radians. As with the BIR-4 and HS pulses, three different SAR
constraints were applied during the optimizations, thus resulting in a total of six OPT-C
pulses. Similar composite refocusing pulse designs have been previously reported (e.g., [7,
8, 9, 17, 22, 24]); however, the OPT-C pulses introduced in this study are, to our knowledge,
the first such pulses to be both SAR-limited and specifically designed for use in the human
brain at 7 T.

3.2. Numerical optimizations
As described in the previous section, numerical optimizations were used to tune all BIR-4,
HS, and OPT-C pulses in this study for use in the brain at 7 T. For the first two of these
pulse types, it is the global parameters defining the amplitude, phase, and frequency
modulation patterns that are optimized, and, for the latter type, it is the individual phases and
amplitudes of the sub-pulses that are subject to optimization. All optimizations were carried
out on discrete grids of  and ΔB0 values with respective ranges of [0.2 1.0] and
±100 Hz as justified by field values measured in the human brain at 7 T (e.g., Figure 2 and
[21]). Although the measured in vivo distribution of ΔB0 typically extends beyond ±100 Hz,
the choice to target this range in optimizations is motivated by the expectation that the
region of acceptable pulse performance in the  grid would extend somewhat
beyond the designated region of interest. Optimization routines were written in Matlab (The
MathWorks, Natick, MA) and employ the fmincon function with the interior-point algorithm
(a gradient-descent method) to handle minimization of the cost function

(3)

where i and j are indices on the  (n × m dimensional) optimization grid on which
the magnetization responses were simulated, W contains the relative weights of each grid

point, and  and  are the transverse components of magnetization as described in
Section 2. The latter were found through simulation of the Bloch equation for the refocusing

pulse under consideration. In all cases,  such that pulse performance at
low  values was favored over that at high values. This choice helps offset the fact that the
cost function is more easily satisfied at high  values.

SAR constraints were incorporated into the optimization of each refocusing pulse by
requiring that a minimum possible repetition time (TR;min) dictated by the maximum
allowed SAR (SARmax = 3 W/kg [25]) be less than a specified limit (TR,lim). The
relationship
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(4)

in which A(t) is the amplitude modulation function and C is a coil specific constant
describing the rate of energy dissipation of 298 MHz radiation in human brain tissue, can be
inverted such that the minimum TR is given by

(5)

SAR constraints were then incorporated into optimizations by requiring TR,min ≤ TR,lim.
Optimized pulses were generated in three separate SAR classes by specifying three distinct
limiting TR values: TR,lim = 200 ms (defining a low-SAR class of pulses), TR,lim = 400 ms
(defining a moderate-SAR class of pulses), and TR,lim = 600 ms (defining an high-SAR class
of pulses). During optimizations, calculation of TR,min included the SAR contributions of
both the given refocusing pulse and a 90° block-shaped excitation pulse with a peak
amplitude of 15 μT; thus, the equivalent values of TR,lim considering only the refocusing
component were 120 ms, 320 ms, and 520 ms for the low-, moderate-, and high-SAR
classes, respectively.

3.3. Simulation methods
All simulations of magnetization responses to RF pulses in this study were based on a
rotation matrix formulation of a relaxation-independent form of the Bloch equation [26].
The OPT-C pulses naturally lend themselves to such calculations. Pulses with continuously
varying modulations (i.e., the BIR-4 and HS pulses) were divided into discrete, 6.4 μs steps
over which the phase and amplitude were considered to be constant. This step length
represents the dwell time of the digital RF amplifier, and the discretization accurately
reflects the way in which continuous waveforms are executed on such hardware. For all
pulses, magnetization response to the appropriate composite of k sub-pulses, each with
constant phase and amplitude, was modeled as a series of rotations (Rj, where j = 1, …, k).
With each rotation corresponding to one of the k individual sub-pulses, the collective
operation of all such components of a pulse is described by

(6)

3.4. Imaging protocols
All experiments were conducted on a 7 T Philips Achieva whole body scanner (Philips
Health-care, Best, the Netherlands) based on a Magnex (Varian Medical Systems, Palo Alto,
CA) 90 cm magnet. RF transmission and reception was carried out with a single-channel,
quadrature volume head coil from Nova Medical (Wilmington, MA). All phantom
experiments used a 17 cm dielectric phantom from FBIRN (Function Biomedical
Information Research Network) with relaxation constants of  as
measured at 7 T. For in vivo experiments, one volunteer (female, 56 y.o.) was recruited from
the community, and written informed consent was obtained according to the guidelines of
the local Institutional Review Board.
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Static field maps were obtained in the phantom and human subject using a 3-D GRE
sequence with a double-echo acquisition (ΔTE = 1 ms). Scan resolution was 3×3×3 mm
within a 240×192×135 field of view in the anterior-posterior, right-left, and foot-head
directions, respectively. Maps of  were calculated via a voxel-by-voxel fitting of
signal intensities from a multi-flip-angle, multi-slice, multi-shot GRE-EPI scan (TR = 5000
ms, EPI factor = 5) [27, 28]. Slices were oriented in the transverse plane with no inter-slice
gap, and the resolution and field of view were identical to those of the B0 scan. For a given
imaging volume, the same projection-based, second-order volume B0 shim currents and
power calibrations were used during collection of all data. In addition to providing a
measure of the overall distribution of the static field in the imaging volume, B0 maps were
used to perform EPI distortion corrections of the -mapping data [29].

Imaging experiments for evaluating refocusing pulse performance employed a SE-EPI
sequence composed of an excitation pulse, a refocusing pulse, and a planar, single-shot EPI
acquisition. This fast-imaging protocol was selected to allow a scan with whole-brain
coverage to be conducted in approximately 90 s, making it possible to repeat the scan 21
times with different refocusing pulses. The excitation waveform—a Gaussian-modulated
sinc pulse with a nominal flip angle of 90°— was executed in the presence of a weak
selection gradient so as to reduce signal from outside the designated imaging volume.
Refocusing pulses were executed such that the center of the waveform corresponded to the
sequence time TE/2 = 27.5 ms. Echo and repetition times were fixed to TE/TR = 55/2000 ms
with only the RF waveform of the refocusing pulse being modified between subsequent
experiments.

4. Results and Discussion
Results with integrated discussion are presented in three parts: (1) a short description of the
phantom and human brain static and RF field maps with a discussion of the ways these
measurements facilitate interpretation of experimental results; (2) presentation of the
simulation data for all considered refocusing pulses with a discussion of the utility and
practical limitation of such simulations; (3) presentation of phantom and in vivo
experimental results exhibiting the varying degree of improvement in signal intensity
observed for the refocusing pulses under consideration.

4.1.  and B0 field measurements

Measurements of the  and ΔB0 fields for central axial slices of the FBIRN phantom and
the human brain as well as 2-D histograms reflecting the whole-volume field distributions
are shown in Figure 2. The latter representation indicates the normalized density of voxels in
discrete intervals of  and ΔB0. As a means of filtering noise and focusing attention on
regions of statistical significance, intervals for which the relative voxel density is < 0.001
(i.e., < 0.001% of the maximum value of 1.0) have been masked. The fact that 
measurements for both the phantom and the brain are so heavily congregated around the
respective values of 0.5 and 0.6 emphasizes the relative importance of power calibration.
Specifically, a proper power adjustment, as is made in the case of the BLK pulse of this
study, can result in excellent refocusing performance for the vast majority of voxels in the
brain at 7 T. Increasing signal in the relatively few number of voxels with outlying values of

 is the purpose of the other refocusing pulses investigated in this study. In terms of
absolute range,  variations are slightly larger in the phantom [~ 0.4, ~ 1.2] than in
the brain [~ 0.3, ~ 0.9], but static field variations are much less pronounced in the phantom (|
ΔB0| ≲ 40 Hz) than in the brain (|ΔB0| ≲ 150 Hz). These observations suggest that
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refocusing performance limits with regard to  are pushed further in the case of the
phantom experiments while the opposite is true for ΔB0. It is particularly noteworthy with
respect to interpreting signal gain measurements that refocusing performance in the center of
the phantom where  may not be relevant to human subjects at 7 T, although
attention to such regions may be helpful in predicting potential refocusing performance in
the brain at higher field strengths.

4.2. Simulations

Simulated values of , which describe refocusing performance as discussed in
Section 2, are presented for a grid of relevant  and ΔB0 values in Figure 3. The
presentation order corresponds to that of the RF waveforms in Figure 1. For many pulses,
refocusing performance by this measure appears remarkably similar, especially within the
targeted optimization region (indicated by the white dashed box). This observation—that the
performance differences among the evaluated pulse designs are often subtle—is alone an
important outcome of the present study. For example, the fact that a 6.5 ms HS pulse with
moderate SAR can be designed to achieve similar refocusing at 7 T as a BIR-4 of similar
SAR and twice the duration is useful information that, to our knowledge, has not been
established. Inspection of the actual cost function values (Equation 3) appearing in Table 1
facilitates many such comparisons. Expectedly, higher SAR pulses are generally capable of
better refocusing as are longer pulses of the same SAR class; however, for either a given
SAR class or a given duration, the OPT-C pulses always result in the lowest cost function
values. This observation is also of relative importance, suggesting that OPT-C pulses
provide the most flexible solution to the problem of field-insensitive, non-selective
refocusing in the face of demanding limitations on duration and SAR. Figure 3 also
emphasizes the bandwidth limitations of the various pulses. At least in regions of relative
high  (e.g., ), the COMP3 pulses appears most robust in the face of
large static field variations and therefore represents an attractive pulse choice when effective
B0 shimming is most challenging. Furthermore, it is evident that longer pulses are more
difficult to design with high bandwidth, thus lending a slight advantage to the shorter (6.5
ms) pulses, although longer pulses clearly have an edge when it comes to -insensitivity.

Also appearing in Table 1 are the SAR-related values of ∫|A(t)|2 dt and TR,min (Equation 5)
for each pulse. These numbers reveal that SAR-limited optimizations are largely effective in
the creation of three distinct SAR-classes based on the criteria given in Section 3.2. One
exception to this is the high-SAR, 6.5 ms HS pulse for which the optimization, due to the
given constraints and the nature of the HS modulations, converges to a SAR value
intermediate to the moderate and high classes. The only other noteworthy exception is
perhaps the BLK pulse for which SAR is significantly greater than for the other pulses
assigned to the same class. This latter observation illuminates the fact that a variety of
numerically optimized pulses can be designed to outperform an appropriately calibrated
block pulse in terms of -insensitive refocusing while simultaneously allowing for reduced
SAR. For example, the low-SAR, 12.9 ms OPT-C pulse offers both an almost two-fold
improvement in theoretical refocusing capability (as measured by the cost function value)
and a ~ 25% reduction in SAR. Of course, the SAR of the BLK pulse could be significantly
reduced at the cost of a lower bandwidth by reducing the peak amplitude and lengthening
the duration. This approach might be useful in some SAR-demanding sequences (such as
TSE), although, again, no degree of -insensitivity would be possible.
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4.3. Experiments
Figure 4 shows 3-D SE-EPI signal intensities (relative to those of the BLK pulse) in the
center axial slice of the phantom for all 21 refocusing pulses. Signal gains over the entire 3-
D volume are represented in Figure 5 on a grid of  values. The latter representation
is the result of calculating the average signal gain for all voxels within each 
interval on the grid. Using the same noise masking described in Section 4.1, only signal
gains corresponding to regions on the grid with relative voxel densities ≥ 0.001% are
reported. Focusing on the relatively small ΔB0 values observed in the phantom, the
measured signal gains can be seen to correlate well with the simulation results of Figure 3.
For example, improved refocusing performance relative to the BLK pulse is confined to
regions of either high or low , as is expected for all pulses close to resonance. In general,
long (12.9 ms) pulses outperform their shorter (6.5 ms) counterparts, and higher SAR pulses
outperform their lower SAR counterparts. One observation from the experimental data that
may not be immediately obvious in simulations is that, in many cases, higher SAR pulses
result in only very subtle improvements. For example, comparison of the low-SAR and
high-SAR 6.5 ms OPT-C signal gains in either the central slice or over the entire volume
reveals the two pulses to be similarly effective. The whole-volume mean signal gains
reported in Table 1 reflect this trend and even reveal slight improvements for low-SAR
pulses over high-SAR pulses, as in the case of the 12.9 ms BIR-4. While this phenomenon is
likely due to the fact that the optimization region extends over a much larger region in the

 space than is relevant to the field variations observed in the phantom, it does
emphasize that increases in SAR are not always necessary to achieve improvements in non-
selective refocusing at 7 T. Finally, it is noteworthy that performance of the VS pulse is
quite impressive despite the fact it was designed almost 20 years ago and not for the specific
purpose at hand. While the cost function value associated with the VS pulse is adversely
affected by the lowest  regions of the optimization grid, these values are not observed in
the phantom, and the resulting mean signal gain exceeds that of any other pulse.

Results for the human brain corresponding to Figures 4 and 5 are given in Figures 6 and 7,
respectively. In many ways, pulse performance observed in the brain correlates closely with
that observed in the phantom; however, high-SAR pulses appear to have a more distinct
advantage in the in vivo case. This is probably because the field distributions observed in the
brain more closely match the values targeted in pulse optimizations, and, as cost function
values improve with increased SAR, so do actual in vivo signal gains. The VS pulse loses
some ground to other high-SAR pulses when compared in this context due to the fact that
lower  values are observed in the brain than in the phantom. It is unclear whether further
power calibration of the VS pulse could resolve this issue, although this would certainly
require an increase in SAR. Another notable difference between phantom and in vivo results
is highlighted in the right frontal cortex, a region in which off-resonance performance can be
evaluated experimentally (see Figure 2). Signal gains in this area are in general decidedly
lower (and even < 1 in some cases, thus implying signal loss relative to the BLK pulse).
Thus, a major weakness in many of the evaluated pulse designs appears to be off-resonance
performance, thus increasing the appeal of the COMP3 pulse for practical use. We believe
this in a relatively minor issue, however, that can be remedied through slight adjustments to
the B0 shimming protocol and/or the designated optimization region on the  grid.
Whole-volume signal gains as reported in Table 1 are considerably lower for the brain than
for the phantom—an observations that has a two-fold explanation. Foremost is the central
region of the phantom in which high  values (never realized in the brain, Figure 2) result
in almost complete signal loss for the BLK pulse, thus relative signal gains for other pulses
are exceptionally large (even greater than a factor of 10) in this area. Secondly, the
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diminished off-resonance signals of the optimized pulses contribute to lower mean signal
gains. Nevertheless, considerable overall signal gains of 7, 17, and 20% are observed in the
brain for the 12.9 ms low-, moderate-, and high-SAR OPT-C, respectively, and larger
improvements are likely possible with more customized pulse optimizations.

5. Conclusion
Using a 3-D SE-EPI sequence, we have investigated the performance of an array of non-
selective refocusing pulses in the context of 7 T human brain imaging. Furthermore, we
have demonstrated that constrained numerical optimizations can be used to successfully tune
adiabatic and composite refocusing pulses given for practical use in this context. To
facilitate comparison, pulses were divided into three SAR classes (low, moderate, and high)
and two duration classes (≤ 6.5 ms and 12.9 ms). Identification of the pulses in each family
with the best performance depends not only on the given application but also on the
compromises deemed acceptable by researchers and clinicians.

In light of such performance characteristics that are not necessarily quantifiable in terms of a
cost function, we have attempted to outline the major pros and cons of the various pulses
included in this study so as to facilitate this decision making process. As stated above,
however, differences in many cases are subtle and, depending on the desired level of
performance, one could be just as well off to choose the pulse for which implementation is
most straightforward as long as customized tuning of the pulse is performed. The results of
this work certainly suggest that this is a reasonable criterion. Nevertheless, we have used the
various performance metrics of this study to recommend the following pulses within each
classification: the 12.9 ms OPT-C pulses are recommended as the best all-round performers
in each of the three SAR classes; the COMP3 pulse is a recommended alternative when high
bandwidth or very short duration is required; assuming SAR is a primary concern for SE
imaging at 7 ms, the low-SAR OPT-C pulses are recommended with the duration dictated by
the targeted tissue contrast.

As for future studies, further customization of optimizations through targeting only the 
and ΔB0 that are observed in the brain at 7 T appears to be a priority. This could be
accomplished by obtaining field maps for a large sample of volunteers with differing head
sizes. From this data, a suitable set of  pairs could be determined to guide future
optimizations. This process would likely result in improved  and off-resonance
performance while allowing for comparable or even reduced SAR levels. The fact that the
pulses considered in this study are exclusively non-selective, limiting use to 3-D sequences
in most cases begs that a similar comparison be performed for slice-selective refocusing
pulses. The composite pulses in this study may prove translatable to slice-selective forms by
changing component pulse shapes from blocks to sincs or Gaussians while incorporating an
oscillating slice-selection gradient (e.g., [28, 30, 31, 32]). Although the HS pulses tested in
the non-selective context of this study do not stand out as the top performers, these pulses
have been shown to exhibit adaptability in the face of SAR-limited optimizations. Therefore,
similarly tuned HS pulses may prove to be an excellent choice for slice-selective refocusing
even if implemented in a composite form (e.g., [4, 5]) or in conjuction with a quadratic
phase excitation (e.g., [6]).
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Figure 1.
Amplitude (black) and phase (red) modulation waveforms for all 21 refocusing pulses
evaluated in this study. Plots are organized such that rows correspond to refocusing SAR
categories and columns correspond to pulse type. In the first column, the BLK, COMP3, and
VS pulses appear in descending order. In any other given column, waveforms correspond to
a single pulse type (i.e., BIR-4, HS, or OPT-C) with the indicated total duration.
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Figure 2.

Maps of ΔB0 (left column) and  (middle column) as measured in the central axial
slice of the phantom (top row) and the human brain (bottom row). In the right column are 2-
D histograms of relative voxel density over grids of  and ΔB0 values as measured for all
voxels in each 3-D volume (i.e., not only for the slices appearing in columns 1 and 2).
Dashed white lines indicate the boundaries of the region targeted in RF pulse optimizations.
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Figure 3.
Simulation results indicating performance of refocusing pulses on  grids relevant to
7 T brain imaging. Plots are organized in the same manner as Figure 1, with rows
corresponding to refocusing SAR categories and columns corresponding to pulse type. The

color scale reflects the value of  (see Equation 3) where the three superscripted
numbers give the initial conditions of Mx, My, and Mz, respectively. White dotted lines
within each plot indicate the region targeted by optimizations. Within this region of interest,
performance among pulses varies subtly but tends to improve with increasing SAR and
increasing duration.
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Figure 4.
Ratios of SE-EPI signal to that obtained with the BLK refocusing pulse for the central axial
slice of the phantom at 7 T. Results are organized in the same manner as Figure 1, with rows
corresponding to refocusing SAR categories and columns corresponding to pulse type.
Although the ~ 13 ms OPT-C pulse may exhibit the best performance in the given slice, the
~ 13 ms BIR-4 pulse appears to result in similar signal gain at a much reduced SAR. Within
the group of 6.5 ms pulses (columns 2–4), the OPT-C pulse appears an attractive low-SAR
option while the high-SAR counterpart offers only modest signal gains in comparison.
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Figure 5.
Average signal gains for the entire phantom volume shown as a function of  (x axis) and
ΔB0 (y axis). Each data point represents S/SBLK values averaged for all voxels falling within
a discrete interval of  and ΔB0. With the exception of the COMP3 pulse, all pulses result
in very high signal gains in the central (high- ) regions of the phantom. From these results
alone, it appears the ~ 13 ms BIR-4 pulse is the best low-SAR choice and the ~13 ms OPT-
C pulses the best choices for moderate- and high-SAR applications.
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Figure 6.
Ratios of SE-EPI signal to that obtained with the BLK refocusing pulse for the central axial
slice of the in vivo human brain at 7 T. Results are organized in the same manner as in
Figure 1, with rows corresponding to refocusing SAR categories and columns corresponding
to pulse type. Generally, refocusing performance is well matched to the phantom
observation reported in Figure 4; however, B0 offsets in the right frontal lobe (see Figure 2)
allow for a more rigorous test of bandwidth limitations. In accordance with simulations,
shorter pulses (columns 2–4 and COMP3) appear more robust in the face of these large B0
variations.
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Figure 7.
Average signal gains for the entire brain volume shown as a function of  (x axis) and ΔB0
(y axis). Each data point represents S/SBLK values averaged for all voxels falling within a
discrete interval of  and ΔB0.
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