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A. SPECIFIC AIMS:

A.1. Overview: The promise of improved MRI results at high field strength is compromised by the difficulties
encountered at high field, including: i) Non-uniform excitation, due to the non-uniform B, field inherent at high
field. Typically, the non-uniform excitation produces non-uniform tissue contrast, although other deleterious
effects can be produced as well. ii) Large susceptibility gradients, which can distort slice positions unless large
slice-select gradients are used. However, the limited RF power available on high field systems severely limits
the gradient strength that can be used for T2-weighted images. The specific aims propose the further
development and refinement of two new RF pulse designs to ameliorate these deleterious effects. In addition,
further development of software for simulating MRI experiments is proposed to aid in effective
implementation of these new RF pulses into suitably re-designed MRI experiments.

Specific aim 1: Pulses with immunity to By inhomogeneity. The new Bs-insensitive design is based on
optimized concatenations of rectangular pulses applied along different axes in the rotating frame, where
the optimization is for both uniform tip and immunity to resonance offset. The design focuses on excitation
pulses, but includes extension of the method to spin echo and inversion pulses.

Specific aim 2: Lowered peak voltage spin echo frequency-selective pulses. The new, lowered peak
voltage design method consists of concatenation of conventional, frequency-selective pulses with gradients
of alternating sign. The design includes spoiler gradients incorporated into the spin echo pulse to shorten
the overall length of the pulse. Operation of these pulses in inhomogeneous B; fields is also considered.

Specific aim 3: Further development of MRI simulation software with inclusion of “inadvertent”

magnetization transfer (MT) effects.
developed for MP RAGE MRI experiments, and will include extended
phase graph (EPG) algorithms to cover a wide range of MRI
experiments. These simulations will aid in effective implementation of
the new RF pulses, and avoid deleterious MT effects. A further use of
these simulations is expected to be in the optimization of MRI
sequences for 4.0 Tesla.

B. BACKGROUND AND SIGNIFICANCE

B.1. The Need for Pulses with Immunity to B; Imperfections: Even with a
headcoil that produces a relatively homogeneous B field, conductive and
dielectric effects at high magnetic field distort the B, field and prevent uniform
tipping, and also produce non-uniform reception of MR signals'™. At 4.0 T, our
experimental measurements have shown the non-uniformity in tipping to be
approximately +/-20% to 25%, and the non-uniformity is considerably worse than
this at still higher field strengths. While the non-uniform reception is potentially
correctable*'!, the spatially non-uniform excitation produces spatially non-
uniform contrasts which is not correctable, making interpretation and clinical
diagnosis more difficult. Even in cases in which the contrast is maintained over
considerable variation in tip angle (as our simulations have shown for MPRAGE
experiments), incorrect tip angles invariable lead to some kind of loss; for
example, too shallow a tip leads to S/N loss, while too strong a tip does lead to
loss in contrast. Finally, many relaxation measurements rely on accurate
knowledge of the tip angle in order to obtain accurate relaxation values.

The non-uniform excitation can potentially be avoided by use of adiabatic
pulses, or other pulse designs that have immunity to B inhomogeneity. While a
single example of an adiabatic excitation pulse suitable for multislice MRI
experiments has been published, its length and gradient requirements render it
useful only in special circumstances where high RF power and high gradient
strength and performance are available. While a shorter version of this pulse

The further development builds on software already
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exists, it exhibits excessive sensitivity to resonance offset and instrument settings™ Thus, at present there
does not exist a generally useful excitation pulse with immunity to B4 inhomogeneity suitable for multislice MRI.
While multidimensional pulses can in principle fill this void, they have disadvantages as well, including long
duration and the need for a B; map prior to their design to combat the B, inhomogeneity. Although a recent
report shows a relatively short (approximately 5 ms) slice-selective pulse with some compensation for B
inhomogeneity, this short duration was achieved by using a less-than-optimal gausssian profile™. In principle
the long duration can be alleviated by implementation with RF SENSE methods; however, this approach
requires specialized coils and multiple transmitters'>'®. In addition, RF shimming methods, which also require
multiple transmitters, have shown promise at very high field. Both of these latter two methodologies are very
sophisticated and very expensive.

Slice-selective adiabatic inversion and spin echo pulses, such as the I waveroran
hyperbolic secant'” and related pulses'®, are available. In addition, we note that
a set of dual hyperbolic secant inversion pulses (but not concatenated) can
function as a spin echo pulse with lower power deposition than a single, spin
echo adiabatic pulse18. Thus, the need for additional inversion and spin echo AV V]
pulses is not as severe as for excite pulses. There is, however, a price to be V V
paid for use of adiabatic pulses: Unless the inversion pulse is made quite long
(large p), the transition zones of the selection profile are large. In addition, the m fime ()
total rotation (rotation an on-resonance spin would experience) is quite high, as SRADIERTIALEROR
is the power deposition for the pulse. Finally, these adiabatic pulses are typically
functional over a very large range of By inhomogeneity, in many cases ranging £
up to a factor of 10 or more. However, most MR experiments on human head
require at most immunity to B; inhomogeneity of a factor of two. Even with
surface coil measurements, the lessened signal strength in tissue regions
beyond where the reduction of the B, field has been reduced by a factor of two T N T
usually renders the signal from this region of little value.

In summary, there remains an urgent need for useable excitation pulses with Fig. 2: Re-mapped spin echo
immunity to B4 inhomogeneity of at least +/- 20 to 25%, which can be used for | Ppulse and associated
multislice MRI. Moreover, inversion and spin echo pulses with this same | 9radientwaveform.
immunity to By inhomogeneity but with less total rotation requirement than the
hyperbolic secant pulse would represent very useful additions.
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° 3 3

B.2. The Need for Lowered Peak Voltage Pulses: One of the initial problems encountered with whole body
MR systems at high field is the lack of B, field strength. Headcoils designed for 1.5 T conventionally produce
maximum B, fields of from 50 to 70 uyT. However, the combination of increased coil loading at high field, SAR
concerns, and the price of high power RF amplifiers, typically limits B4 field strengths of a headcoil loaded with
the human head for MR systems at high field to from 20 to 25 yT. The lack of B, field strength limits the
gradient strength that can be used for conventional pulses, and necessitates the use of long pulses (especially
for spin echo pulses) applied with weaker gradients. However, susceptibility artifacts worsen at high field, and
larger gradients are required to lessen slice distortions due to these artifacts. For example, if the sample
frequency varies by 100 Hz, and the gradient produces only 100 Hz over the selected slice, the slice is mis-
registered by the slice width where the frequency changes by 100 Hz. Even a gradient that produces 1 kHz
over the slice has a mis-registration of up to 10%. Frequency variations of this order are not unreasonable for
human head MRI at 4.0 Tesla'®?', although some improvement can be obtained by use of an intra-oral passive
shim?%, or proper head angulation'. Slice distortions can create difficulties in co-registration, and add to the
difficulty of examination of morphological changes over time. In addition, the shortening of T,* at high fields
mandates the use of relatively short pulses, both to avoid signal losses, as well as to avoid degradation of the
selection profile?.

The need for lowered peak voltage pulses is particularly acute for 180 degree spin echo pulses, as the
peak voltage of a spin echo pulse approximately 4 times that for a comparable 90 degree excitation pulse®.
Typical methods to reduce the peak voltage on spin echo pulses include i) lowering the rotation angle, ii) using
root reflection to lower the peak voltage, and iii) using VERSE?* methods to lower peak voltage requirements.
These methods do not alter the slice profile. However, lowering the rotation angle has the obvious
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disadvantage of reducing the signal. Root reflection can be accomplished with MATPULSE (Fig. 1), but
typically reduces the voltage by less than 50%. Finally, MATPULSE has its own version of VERSE, entitled
remapping (Fig. 2). Remapping is more versatile than root reflection, and can even be used to shorten the
pulse duration. However, excessive drooping of the gradient leads to excess sensitivity to resonance
offset?®?*. Thus, there remains an urgent need for spin echo pulses with lowered peak voltage requirements,
particularly at high field.

B.3. Computer Simulation of MRI Sequences: Computer simulations of MRI experiments are playing
an increasingly important role in the design and optimization MRI sequences, and can even be used to
calculate tip angles to provide a prescribed signal level®®?’. For example, simulations based on the
extended phase graph (EPG) algorithm?*?° have been used to show that programmed reductions in tips
in Turbo Spin Echo (TSE) (also known as RARE or FSE) sequences can be optimized to retain a
maximum signal, given the final tip angle®®*. In addition, similar simulations have been used to
optimize a version of MP RAGE known as MP SAGE?', and have also been used for demonstrating a
RARE readout of a 2D MP RAGE experiment®’. Some extension of these types of simulations would
enable the effects of B; inhomogeneity to be examined, and potentially reduced, and also enable
inadvertent magnetization transfer (MT) effects to be examined and avoided. In principle, EPG
algorithms can include the effects of resonance offsets, although the Pl is not aware of previous EPG
calculations including resonance offset. Finally, simulations will provide important guidance for MRI
sequence design at 4.0 Tesla to take maximum advantage of acceleration methods under development
in other sections of this proposal.
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C. Preliminary Results

C.1. Previous Studies by the Investigator of this Project: The PI, Dr.
Matson, has a long-standing interest in shaped RF pulses, and has developed
a comprehensive program in Matlab (MatPulse)? for generation of Shinnar -
Le Roux (SLR) pulses, and for performing many other pulse manipulations
including root reflection, gradient modulation as in the VERSE technique®, and
other manipulations including relaxation effects. His MatPulse program is
available at http://www.cind.research.va.gov/software/index.asp. More
recent activities include development of RF pulses with immunity to B;
inhomogeneity for multislice MRI excitation®’, improved pulse designs for
arterial spin labeling with matched magnetization transfer®, and development
of proton spectroscopic imaging at 7 Tesla for mouse brain studies with 1 mm
resolution®.

C.2. Pulses with immunity to B; inhomogeneity: Even with a headcoil that
produces a relatively homogeneous B, field, dielectric effects at high magnetic
field distort the B4 field and prevent uniform tipping, and also produce non-
uniform reception'. At 4 T, the non-uniformity in tipping with a headcoil is
estimated to be +/- 20 to 25%, and the non-uniformity is considerably worse
than this at still higher field strengths, or with other coil designs, such as
surface coils, which produce non-uniform B fields. The non-uniform excitation

can be avoided by use of adiabatic pulses, or other pulse designs that have
immunity to By inhomogeneity. In the past, considerable effort has been
expended to produce adiabatic pulses with immunities over a factor of 10.
On the other hand, we* and others® have shown that the slice profile of
adiabatic inversion pulses can be improved considerably by reducing the
immunity of the pulse to B; inhomogeneity. However, with a single
exception'®, adiabatic pulses suitable for multislice excitation no not exist
(And the single exception is too long and energy intensive for general use).
Even non-slice selective adiabatic excitation pulses, such as BIR4%®, are long
and energy intensive. Thus, as discussed in the Background and
Significance section, there remains an urgent need for a useable slice-
selective excitation pulse with immunity to B; inhomogeneity which can be
used for multislice MRI. In what we believe to represent new insights, we
show here preliminary results which indicate that concatenated pulse designs
can fulfill the role for uniform excitation with inhomogeneous B, fields,
including slice selective pulses for multislice MRI. The general idea of
concatenated, frequency selective pulses is not entirely new, as adiabatic
spin echo'® and excitation' pulses can be considered to be concatenated,
frequency selective pulses, as may multi-dimensional pulses **“¢. However,
the catenation we present here involves pulses applied along different axes
of the rotating frame, which is significantly different than the pulse designs
mentioned above.

At the 1995 ENC Conference, the Pl demonstrated that a symmetrical
pulse with de-focusing and re-focusing gradients (Fig. 3) acts as does a
rectangular pulse (pulse of constant amplitude applied along a single axis of
the rotating field) in that it tips orthogonal magnetization, and preserves
parallel magnetization. Thus, any concatenation of rectangular pulses can be
replicated with this style of frequency selective pulse, although that does not
necessarily mean that a useful pulse will be generated. Concatenation of two
frequency selective pulses is depicted in Fig. 5. However, it should be noted
that the pulses may be along different axes of the rotating frame. A more
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efficient concatenation procedure would be to reverse the sign of the gradient on subsequent pulse sections to
eliminate the gradient pulses between the pulse segments. In addition, the initial gradient can be eliminated in
excitation pulses, and both initial and final gradients avoided in inversion pulses.

The PI has shown a simple four pulse excitation sequence with B, immunity approaching a factor of two*
(Appendix A), based on a modification of a composite pulse sequence developed by Levitt*’. A 10 mm version
of this pulse, designed along the lines of Fig. 3, but with reversed gradients, uses nominal tips of 45°, 60°, 60°,
and 45° applied successively along the —Y’, X', Y’, and X’ axes in the rotating frame (Fig. 4). The resulting
magnitude profiles over a B, range of a factor of two are shown in the figure. However, although the sequence
exhibits good immunity to By inhomogeneity, it is sensitive to resonance offset. In addition, the sequence
provides coalescence of the magnetizations, which is not necessary for many MRI experiments.

There exist two additional reports of sequences with immunity to B; inhomogeneity*®*° along the lines of
that shown in Fig. 3, but based on different rectangular
sequences. However, the PlI's simulation of these
sequences showed them to be even more sensitive to
resonance offset than the Levitt sequence (results not
shown). TIN50 Ha

Due to the limitations of the sequence based on the
Levitt sequence, the Pl developed computer o
optimization methods to seek out new three and four |[M= °
pulse rectangular composite pulse sequences that had 02
immunity to both B; inhomogeneity and resonance
offset. These sequences then form an improved basis | Fig. 5. Mz shown as a function of By strength and
for generation of slice selective pulses that confer both | resonance offsets from —50 Hz to 50 Hz for an optimized
immunity to B, inhomogeneity and immunity to | TOUrPulse rectangular pulse 90" sequence.

5 10 15 20 25 30 35 40
[ B1 Strength

resonance offset to their slice selective counterparts.
The optimization programs were developed in Mathematica (Wolfram Research), and made use of an
application package from an independent developer (Global Optimization 4.2 by Loehle Enterprises). The
optimization used the GlobalMinima program that utilizes an adaptive grid algorithm to find multiple solutions if
they exist. A sample of the optimization program is included in Appendix B. Solutions have been obtained for
tip angles from 15° to 90°. These rectangular composite pulse sequences were then used as the basis for
frequency selective pulses with immunity to both B; inhomogeneity and resonance offset™® (Appendix C).
Despite being longer, the four pulse sequences provided improved immunity to resonance offset.

Figure 5 shows the results of optimization of a four pulse rectangular pulse sequence in which the Mz
magnetization is plotted as a function of B4 strength for resonance offsets from —50 Hz to 50 Hz. A trace
diagram showing the trajectories of unit magnetization vectors over the unit circle is shown in Fig. 6, where the
position for the B, field of the final tip is shown. This figure demonstrates that, although the magnetizations are
not coalesced, they are accurately tipped into the transverse plane.

The conversion to a 4 mm slice selective pulse is shown in Fig. 7, and the resulting profiles over a B range
of +/- 20% are shown in Fig. 8. This figure also shows that the sequence performs well over a resonance
offset range of +/- 50 Hz, which is nearly double that of an equivalent sequence based on the Levitt sequence.
While real and imaginary profiles are generally required to fully assess the performance of the sequence, in
this case the real profile closely follows the magnitude profile.
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An example of the trace diagram of a shallow tip pulse (15°) is shown in Fig. 9. Although the optimization
program did not specify coalescence of the magnetizations, in this case the coalescence occurred naturally.
Note that due to the coalescence the TE interval starts from the end of the pulse instead of from its middle,
thus diminishing the disadvantage of the long pulse length. The 4 mm frequency selective version is shown in
Fig. 10, and the resulting profiles over a B range of +/- 20%, and over a resonance offset range of +/- 40 Hz,
are shown in Fig. 11. Although the PI has shown that the Levitt sequence can be re-formulated to produce a

PHS 398/2590 (Rev. 09/04) Page 531 Continuation Format Page



Principal Investigator/Program Director (Last, First, Middle): Weiner, Michael W.

shallow tip pulse, that version is extremely sensitivity to resonance offset. The new sequence shown here is
much more robust with respect to resonance offset than the levitt shallow tip sequence. However, for this
shallow tip pulse the real and imaginary profiles are not as well behaved as in the 90° case, and additional
signal loss (from 10 to 20%) over that indicated by the magnitude profile occurs. Finally, it is noted that since
the 3D MPRAGE sequence does not use frequency selective excitation pulses, the composite rectangular
pulse sequence can be used directly for the excitation pulse in the 3D MPRAGE experiment.

In summary, new rectangular pulse sequences have been developed by the Pl to form the basis for
frequency selective pulses with immunity to both B4 inhomogeneity and to resonance offset. Preliminary
designs shown here demonstrate useable sequences for both shallow and 90° tips for 4 mm slice thickness in
human brain at 4.0 Tesla. However, the preliminary designs for pulses with immunity to B4 inhomogeneity are
not the final results, but will be subjected to additional optimization to generate the final designs. Furthermore,
additional promising sequences uncovered by the optimization process have not yet been tested as slice
selective pulses. In addition, we were not as successful in developing intermediate tip angle pulses, and will
need to extend the number of pulses to 5 or 6 to better cover the possible range of pulses. Finally, the 4 mm
slab thickness can be reduced to 2 mm slices through the larger gradients (40 mT/m available on the new
Bruker MedSpec 4.0 Tesla instrument).

The chief drawback of these cascades is that they generate much higher SAR than the single selective
pulse they replace. In addition, they provide uniform tipping over a limited range of B, inhomogeneity and
resonance offset. Thus, following our development of the above pulses, our goal became to design pulse
cascades of lower SAR, and with an extended range of performance.

C.3. Off-Resonance Pulses with immunity to B; inhomogeneity and Lowered SAR: We hypothesized
that the use of off-resonance as a design parameter could provide additional flexibility for design of
pulse cascades with immunity to both B; inhomogeneity and to spin resonance offset. An additional
attraction for this design method was that the off-resonance component of the tipping field would not
contribute to SAR. Accordingly, the Mathematica program described in *° for optimization of
rectangular pulse cascades was modified to incorporate off-resonance into the optimization.

Our optimization results incorporating off-resonance did produce lowered SAR rectangular pulse
cascades, and also produced cascades with extended ranges of performance. However, the SLR pulse
shapes generated with MatPulse? and used to convert from rectangular to slice-selective pulses
produced markedly distorted profiles when used with the off-resonance pulses. To overcome this
problem, each off-resonance pulse was converted into two identical frequency-selective shapes,
applied with gradients of opposite signs. This approach produced acceptable slice-selective profiles
provided the off-resonance pulses were limited in both rotation angle and degree of off-resonance. As
an example of this approach, Fig. 12 shows the magnitude profile for a 60 degree off-resonance
frequency-selective pulse, while Fig. 13 shows the improvement by conversion of the pulse into two 30
degree off-resonance pulses applied in the presence of alternating sign gradients.
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As an example of generation of a 90 degree pulse, Fig. 14 shows the longitudinal magnetization for
a three pulse rectangular sequence producing a 90 degree tip as a function of B; strength (arbitrary
units). The sequence utilizes an on-resonance pulse of 45 degrees, followed by an off-resonance pulse

of 120 degrees, and a final on-resonance pulse of 70 degrees.

Figure 14 shows that the sequence

produces close to a 90 degree pulse (90 +/- 5 degrees) over a B; range of a factor of two, and over a
resonance offset of +/- 50 Hz. A trace diagram for magnetizations experiencing different B, strengths
is shown in Fig. 15, where the middle pulse is the off-resonance pulse, and the direction of the B; field

for the final tip is shown in red.
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Fig. 14. Mz as a function of B¢ strength and resonance offset for
the three-tip 90 degree pulse, with the central pulse designed with

Fig. 15. Trace diagram of magnetizations
experiencing different B4 strengths for the 90 degree
pulse using resonance offset.

Figure 16 shows the RF and gradient waveforms following
conversion to a slice-selective cascade, where the middle 120 degree
off-resonance pulse has been converted into two 60 degree off-
resonance pulses. Figure 17 shows magnitude profiles of the slice
selective cascade over a B; range of a factor of two, and profiles for
resonance offsets of +/- 50 Hz. This cascade provides an extended
B, range and similar resonance offset performance to the previously
developed four pulse slice-selective cascade (Fig. 11). However, the
previously developed sequence used four nominal 90 degree tips,
while the off-resonance design used nominal tips of 45, 60, 60, and
70 degrees, thus producing approximately half of the SAR generated
by the on-resonance design.
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Finally, unlike the on-resonance selective
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In summary, we have used off-resonance as
a design parameter to generate new rectangular
pulse cascades composed of both on-resonance
and off-resonance segments to generate

uniform tips in the presence of inhomogeneous Fig. 17. Magnitude profiles for the 90 degree pulse of Fig. 9
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also been able to
produce shallow tip angle pulses utilizing off-resonance segments. We are in the process of
developing optimization routines to see if optimization of the entire selective pulse cascade can be
used to improve the utilization of off-resonance as a design parameter to provide uniform tipping in the
presence of non-uniform B fields.
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C.4. Lowered Peak Voltage Pulses: In what we believe to represent new insights, we show here preliminary
results which indicate that the restrictions resulting from limited B4 strength can be ameliorated through the use
of concatenated, frequency selective pulses designed for low peak voltage. However, the intent and design
considerations for these previously designed pulses differs from the lowered peak voltage designs to be
demonstrated in this proposal. Very recent examples of the types of concatenated, frequency- selective
pulses to be demonstrated in this proposal do exist®"?, including pulses demonstrated by the Pl and Dr.
Schleich® (Appendix D), although in these latter examples the concatenation was to enable time-reversed
versions of the inversion pulses to be produced, and the lowered voltage was not a design consideration. In
addition, as noted above another concatenated, frequency selective four pulse sequence with immunity to B
inhomogeneity has been presented by the PI** (Appendix A), and a version of this pulse has also been
presented at the 2001 ENC conference. However, this latter pulse was designed for immunity to to B, (See
below), and again, lowered peak voltage was not a consideration. Finally, if we imagine that crusher gradients
equal to but opposite in sign to the initial and final gradients are applied, the sequence without the initial and
final gradients acts as a crushed spin echo pulse, without the physical existence of crusher gradients. As far as
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the PI can tell, this idea of frequency pulse concatenation with reversed gradients to generate a lowered peak
voltage pulse represents a new design concept not previously published in the literature.

We now demonstrate a preliminary pulse design for a system with 20 mT/m gradients with a slew rate of
200 mT/m/ms, but with B4 strength limited to under 25 uT. For comparison purposes, a 90° pulse (parent
pulse) executed in a gradient of 20 mT/m to produce a nomimal 10 mm slice is shown in Fig. 19. This pulse
has a high quality factor (time-bandwidth product of 16), resulting in an excellent slice profile (Fig. 19). A
preliminary, concatenated pair of SLR 45° pulses and the resulting slice profile essentially equivalent to the
parent pulse is shown in Fig. 20. As expected, the peak voltage is reduced by a factor of two. What is
unexpected is that the concatenated pulse is barely longer than the parent pulse. The reason for this is
somewhat complicated, but can be broken down into three effects. First, the concatenation process slightly
narrows the excitation profile, so the pulses to be concatenated are designed for slightly greater bandwidth,
which enables them to be slightly shorter, while still preserving the same quality (time bandwidth product).
Second, the concatenation also slightly sharpens the excitation profile, so the concatenated pulses can be
designed for slightly lower quality (larger transition zones) by shortening the pulse lengths still more. Thus,
these two effects enable each concatenated pulse to be somewhat shorter than the parent pulse, while still
accomplishing the equivalent overall excitation profile. Finally, because the individual pulses are shortened, the
gradient required for refocusing is shortened as well. For comparison purposes, it should be realized that the
parent pulse could still be executed to produce the same slice profile if the gradient were reduced by half, in
which case the parent pulse amplitude would also be reduced by half, and the pulse duration doubled.
However, in this case the concatenated version would be the pulse of shorter overall duration. In summary,
the concept of concatenation of frequency selective pulses with reversed gradients to generate an equivalent
pulse of lowered peak voltage and only slightly increased length represents a new concept in pulse design.

Although the concept of concatenating frequency selective pulses for lowered voltage has been
demonstrated here for a 90 degree excitation pulse, the real need for lowered voltage pulses resides with spin
echo (SE) pulses. A SLR SE pulse requires approximately 4 times the peak voltage of a corresponding 90
degree pulse). As an illustrative example, we consider a 3.2 kHz SLR SE pulse executed in the presence of a
20 mT/m gradient to produce a nominal 4 mm slice. Such a
pulse requires a peak B, in excess of 70 uT Of course, our | “rewmeom * [Fwerorm
hypothetical MRI system, capable of a B4 strength of only 25
uT, cannot produce this pulse. Fig. 21A shows a |:
concatenation of three 60 degree pulses, which the system
can produce. The crusher gradients, not shown in 21A, are
added in 21B so as to just cancel the defocusing and re-
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A drawback of gradient reversed pulses is their sensitivity to resonance offset.

Weiner, Michael W.

Our own 4.0 Tesla

measurements on human head indicate that the vast majority of the brain parenchyma can be shimmed to +/-

40 or 50 Hz, and these results are in agreement with a number of literature articles

19-21

There are small

regions around the sinuses (the inferior frontal cortex), and in the outer sections of the temporal lobe, and
possibly the brainstem, in which the resonance offsets exceed these numbers, even when special means such

as use of an intra-oral diamagnetic passive shim 2'??

or head angulation' is used to improve B, homogeneity.

However, even conventional imaging methods typically produce distortions in these regions, and we believe
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Fig. 21. (A) Concatenated SE pulse. (B) SE pulse with crusher gradients added. (C) Effective

(Results not shown). Note that the MatPulse “crushed profile”
oscillations according to the prescription given by Pauley et al.>*.
Reducing the overall duration of the pulse diminishes its sensitivity
to resonance offset. If more gradient and RF strengths are
available, the shortening can be done by increasing both, while if
only more gradient strength is available, the shortening can be
done by re-mapping (See Background and Significance). If neither
is available, the pulse can still be shortened, albeit at the expense
of the quality of the excitation profile. Another approach to
reducing the sensitivity to resonance offset is to utilize the pulse in
a CPMG configuration, so that the phase is reversed on every
other pulse, and only every second echo is collected. The
resulting profile for 50 Hz resonance offset is shown in Fig. 23A,
while Fig. 23B shows the result for both reduction of By by 20%,
and resonance offset of 50 Hz. These results show the CPMG
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C.5. Evaluation of Magnetization Transfer Effects: The total rotation (rotation an on-resonance spin
would experience) of the B, insensitive pulses is much higher than that of the pulses they replace. For
the non-selective pulses, the shallow tip B; insensitive pulse of Fig. 9 produced 360 degrees of total
rotation, while for a 10 degree tip, a conventional, rectangular pulse produces only 10 degrees of total
rotation. Although the total rotation of the shallow tip pulse can be reduced, the reduced tip may still
be in the range of 180 degrees. A similar discrepancy exists for the slice-selective pulses as well. For
example, a conventional 90 degree selective pulse might produce 120 to 150 degrees of total rotation,
but both the shallow tip and 90 degree tip B; insensitive pulses shown above produce in the
neighborhood of 200 to 400 degrees of total rotation (the exact amount depends on the design
parameters). Thus, the B, insensitive pulses may produce unwanted MT effects. In order to assess the
MT effects, the Pl has begun developing a program (MatMRI) in Matlab using the GUI-capabilities of
that program to calculate the MT effects for standard MRI sequences. At this point, only 2D MPRAGE
and 3D MPRAGE experiments are completed, but implementation of a number of additional MRI
experiments is planned. The PI is not aware of other calculations of this type, which include MT
effects, and in the future will include sensitivity to resonance offsets, in the literature. The MatMRI
program is available at: http://www.cind.research.va.gov/software/index.asp

The MatMRI program makes use of the evolution and transfer equations for the saturation (1-
Mz/M°z) for a single component developed by Helms and Hagberg® for a two pool system. To be able
to assess the MT effects separate from relaxation effects, calculations are also available for calculation
of signal amplitudes with the MT effects excluded. These latter calculations follow along the lines
suggested by Deichmann et al.*>. At this juncture, the program only makes use of a single lineshape
for the broad component (super-Lorentzian®®), but the implementation of additional lineshapes is also
planned. Recent results suggest that, except for the relaxation times, the tissue parameters for MT do
not change significantly over the range of 1.5 to 3 Tesla®’, and are thus relatively field independent. In
addition, recent literature values for MT parameters appear to be in general agreement®*°. Finally,
MatMRI menus for the MPRAGE 2D and 3D calculations are provided as Appendix E, and an outline of
the calculations for the MT effect is provided in Appendix F.

For the 3D MPRAGE experiment, all RF pulses act on all of the tissue, so MT effects were expected
to be large for use of the B; insensitive pulses. Figure 24 shows the expected signal amplitudes
without considering MT effects for gray matter, white matter, and CSF for the conventional 3D
MPRAGE experiment using parameters presently in use at the CIND laboratory (adiabatic inversion,
and 8 degree excitation tip, with additional parameters indicated in the figure). The vertical line
indicates the time at which the center of k-space is acquired. Figure 25 shows the results when MT
effects are included, which shows rather small changes to the white matter and gray matter. Figure 26
shows the same results when B; insensitive excitation pulses of 180 degrees of total rotation are used.
The resulting reductions to the white and gray matter are dramatic, and clearly the use of the B;
insensitive pulses for the 3D MPRAGE experiment on brain tissue is inadvisable. A preliminary
viewing of some of these results was provided at the 2007 RR Site Visit.

The 3D MPRAGE represents a ‘worst case” example, and MT effects are not expected to be as
severe for the 2D MPRAGE experiment. While conventional thinking is that 3D experiments are more
efficient than 2D experiments, is has also been argued that the sensitivities of 2D and 3D experiments
are highly similar in a large number of practical situations®. Figure 27 shows a conventional 2D
MPRAGE experiment, where parameters are similar to those in the 3D MPRAGE experiment, except a
30 degree excitation tip is assumed, and MT effects are ignored. Additional experimental parameters
include excitation pulse bandwidths of 3.4 kHz, and intervals of 25 ms between inversion (or
acquisition) of adjacent slices. Figure 28 includes MT effects, and shows that MT effects occur
primarily due to the inversion pulses, and that the signal amplitudes during acquisition are actually
slightly enhanced. The diminished Mz signal just prior to inversion is due to inversion pulses applied
to neighboring slices. Figure 29 shows the same experiment executed with B; insensitive pulses.
Although MT effects are now visible due to both inversion and excitation pulses, the reduction in Mz
just prior to acquisition is small (on the order of 10 to 15%). This small reduction is signal amplitude is
part of the price to pay to obtain uniform tipping over the entire brain.

PHS 398/2590 (Rev. 09/04) Page 537 Continuation Format Page


http://www.cind.research.va.gov/software/index.asp

Weiner, Michael W.

Principal Investigator/Program Director (Last, First, Middle):

Besides the larger total rotation produced by the B; insensitive pulses, they also produce increased
SAR. One way to lower the SAR of the experiment is to lengthen the repetition time (TR). In addition, if
signhal can be increased, and array coil reception is being used, it may be possible to retain the original
experiment (run) time by using a higher acceleration factor. In principle, the loss in S/N incurred by
acceleration factors scales with the square root of the experiment time, so in principle if one can
improve S/N by the square root of the increased TR, SAR is reduced but no other disadvantage is
incurred. In reality, artifacts are incurred by the use of high acceleration factors, but improvements in
suppression of such artifacts is a rapidly evolving field, with new approaches being pursued by other
CIND scientists.

As a cursory example of this concept, Fig. 30 shows the previous 2D MPRAGE experiment (still
implemented with B; insensitive pulses) implemented with longer Tl and TR times. The figure
illustrates that lengthening of the TR time from 2400 to 3000 ms provides a rather dramatic increase of
S/N. Further discussion of this concept to lengthen TR to minimize SAR yet not incur a penalty in run
time is provided in the Research Plan.

Finally, further development of MRI simulations are underway using extended phase graph (EPG)
algorithms??° and to be able to simulate a wide variety of MRI experiments.
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Fig. 24. 3D MPRAGE without magneti-
zation transfer.

Fig. 25. 3D MPRAGE with conventional RF
pulses and magnetization transfer.

Fig. 26. 3D MPRAGE with B; insensitive
pulses and magnetization transfer.
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D. RESEARCH DESIGN AND METHODS

D.1. Overview: The research plan includes development of B, insensitive pulses, and lowered voltage spin
echo pulses, as described below. In addition, the research plan includes expansion of existing computer
simulation experiments of MRI experiments, with inclusion of magnetization transfer (MT) effects.
Achievement of the aims of this project will facilitate improved acquisitions of structural, perfusion, diffusion,
and susceptibility-weighted MRI, and support development of new methods providing improved signal, contrast
to noise, and resolution as well as sensitivity for specific applications to support the research projects and
clinical applications of the Resource Center. This project will also benefit a large number of funded ongoing
collaborative and clinical research studies. Finally, in collaboration with other CIND scientists, incorporation of
the best pulses into suitable MRI experiments, including relaxation and perfusion experiments, is planned.

D.2. MRI Instrument Time: The emphasis in this application is on the development of RF pulses, with proof of
performance initially done through simulations. However, we will also work closely with other scientists within
the Center for Imaging of Neurodegenerative Diseases (CIND) to simulate and re-design MRI sequences in
order to implement pulses of interest into MRI experiments for the Bruker MedSpec 4.0 Tesla instrument (See
below). In addition, there are a number of circumstances in which we expect to perform MRI experiments on
normal individuals. For example, we will perform experiments to examine the B, strength and inhomogeneity
over human heads covering a range of head sizes. In addition, we expect to perform initial MRI experiments to
verify simulation results, and to assess SAR due to developed pulses. We estimate 4 hours of
instrument/month for MRI experiments, which, as they come under the heading of development, are not
charged.

D.3. Pulses with Immunity to B; Inhomogeneity (+/- 20% to 25%) (24 months): The new Bi-insensitive
design is based on optimized concatenations of rectangular pulses applied along different axes in the rotating
frame, where the optimization is for both uniform tip and immunity to resonance offset. As shown in the
Preliminary Results section, the rectangular pulses may include off-resonance pulses to improve the
tipping efficiency of the cascade. The design focuses on excitation pulses, but includes extension of the
method to spin echo and inversion pulses.

Special concatenated rectangular pulse sequences (excitation, inversion, and spin echo) with immunity to
B, inhomogeneity and to resonance offset will be developed, but with the emphasis on excitation pulses. As
shown in the Preliminary Results section, the concatenated sequences will be based on rectangular pulse
concatenations in which the phases, off resonance conditions, and tip angles have been optimized for both
immunity to B; inhomogeneity and to resonance offset. An example of the code for optimization of on-
resonance rectangular pulse sequences (Written in Mathematica) is shown in Appendix B, and code for off-
resonance pulses is shown in Appendix G. Even optimization of 3 pulse off-resonance sequences, and 4
pulse on-resonance sequences, proved difficult with a single processor computer without limiting the space of
the search. While the Preliminary Results section showed results from a cascade of four pulses, we will make
use of our multi-processor Beowulf computer (See Resources) to extend the optimization up to 6 pulses, and
beyond if 6 pulses prove effective. However, our expectation is that the sequences will become overly long,
and thus increasingly sensitive to resonance offset, at 6 pulses.

D.3.a. Rectangular Pulse Optimization: While no optimization algorithm is yet chosen for the Beowulf
optimizations, a variety of open source optimization programs are available, including gradient and quasi-
Newton methods (David-Fletcher-Powell and Broyden-Fletcher-Goldfarb-Shanno algorithms), as well as global
optimization programs such as simulated annealing, and various stochastic methods (cluster methods). A
large suite of optimization programs is available at www.netlib.org. Optimization methods will either limit the
pulse angle of individual tips, or provide a penalty factor for larger individual tips. In addition, code requiring
coalescence of resonance offsets will be developed for excitation pulses. While coalescence is not necessary
for conventional MRI experiments, the coalescence does minimize T2* losses during the pulse and enables
shorter TE times to be used.

D.3.b. Conversion of Rectangular Pulse Concatenation to Slice Selective Pulses: Conversion of on-
resonance rectangular pulse cascades to slice select pulses is straightforward, although it does require
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adjustment of gradient lengths when adjacent pulse tip angles are significantly different (different slice-
selective tips require slightly different re-focusing gradients).

D.3.c. Slice-Selective Pulse Optimization: The PI's initial experience with slice selective pulses developed
from concatenated sequences of rectangular pulses has been that the slice selective version may have either
less or (surprisingly) more immunity to B; inhomogeneity than the rectangular pulse version. Thus, the
optimal rectangular pulse sequence is not necessarily the optimal basis for the frequency selective version.
Because of this, the initial slice selective version is regarded as a starting point, and further optimization will be
done to try to further improve the pulse. The parameters to be optimized include:

1. The phase of each pulse
2. The tip angle of each pulse
3. The gradient length of each step

Optimization of the gradient refocusing lobe will be included as well.

In addition, we will look into including a cost function for overall pulse length and total rotation. The
performance of the pulse will be assessed by integration of several measures. First, the magnitude profile will
be examined over the slice (excluding transition zones) for correct tip angle. Second, the efficiency of the
pulse will be assessed by integration of the signal over the slice width (including transition zones). Note that
the signal is the square root of the sum of squares of the integration of the real and imaginary profiles,
following correct gradient refocusing of the spins. Third, the contamination level will be assessed by
integration of the magnitude profile outside of the slice. These measures will be taken over a range of B, field
strengths and resonance offsets. Optimization will be done on the Beowulf computer. Although this latter
optimization appears formidable, the parameters for the optimal slice selective pulse are not apt to be far from
the starting point, so optimization over a fairly small range is contemplated. Furthermore, it is possible that
further optimization does not bring significant improvement; if not, we will discontinue this latter optimization.

The aim will be to develop the following pulses, with emphasis on the first three categories, as adiabatic
inversion and spin echo pulses already exist, albeit they are SAR intensive:

i) 90° excitation: The four pulse sequence of Figs. 5-8 will be our initial standard, and subsequent
designs compared to it.
i) Shallow tip excitation: The four pulse sequence of Figs. 9-11 generates considerable SAR (due to

the large total rotation) for a shallow tip pulse. Other rectangular pulse optimized sequences with
less total rotation (not shown) with nearly the performance of this pulse were obtained, but slice
selective versions of these pulses have not yet been generated and tested.

iii) Excite pulses with intermediate tip angles: We were not as successful with generation of
intermediate tip angle rectangular pulse sequences as with shallow and large tip angle pulses,
although only designs of up to four pulses were explored. Thus, this area needs further exploration
and development.

iv) Inversion pulses: The optimization code generated in Mathematica is valid for inversion pulses as
well. In addition, we note that dual inversion pulses with proper phase inversion can perform as a
double spin echo pulse, for observation of every second echo.

V) Spin echo pulses: While prelimlinary SE pulses with immunity have been developed (results not
shown), further development and assessment of the feasibility of generating SE pulses with
immunity to B4 inhomogeneity will be done.

The importance of useable excitation pulses with immunity to B, over a range of at least +/- 20% justifies
expenditure of considerable effort for further development of these pulses. In addition, inversion, and SE
pulses with less total rotation than their adiabatic counterparts would constitute a very significant contribution.

D.4. Lower Peak Voltage Pulses (6 months): The new, lowered peak voltage design method consists of
concatenation of conventional, frequency-selective pulses with gradients of alternating sign. The design
includes spoiler gradients incorporated into the spin echo pulse to shorten the overall length of the pulse.
Operation of these pulses in inhomogeneous B fields is also considered.
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Lowered peak voltage spin echo (SE) (incorporating the crusher gradient into the pulse) and inversion (Inv)
pulses will be designed through concatenation as discussed in the Preliminary Results section. The
concatenation method with incorporation of crusher gradients represents an innovative design approach. The
concatenated designs, like the conventional SLR pulses, are readily re-scaled for excitation of other frequency
widths. Table 1 indicates the concatenated pulses to be developed. Resonance offsets, relaxation effects,
and flow effects for execution of these pulses in a gradient of 20 mT/m (giving a nominal slice width of 4 mm)
and 40 mT/m (nominal slice width of 2 mm) will be provided. To be most effective, dual spin echo pulses with
reversed phases as shown in the Preliminary Results section are necessary to avoid losses due to B;
inhomogeneity and resonance offset. Finally, the use of concatenation methods for reduced voltage excite and
saturation pulses, and the use of quadratic-phase pulses °' for saturation and inversion, and for reduced
voltage dual spin echo pulses, will be further explored.

Table 1. Concatenated pulses

Pulse Pulse  Seg- Tip Width  Effective  Grad. Reson. B T1, Flow
Phase Type ments (kHz) Quality Refocus  Offset T2
Linear SE/Inv 3 180 3.2 4 X B S S S
Linear  SE/Inv 3 180 3.2 8 X R = = =

D.5. Implementation of Pulses into MRI Sequences (16 months):

D.5.a. SAR Considerations for B; Insensitive Pulses: In all cases, replacing the original RF pulses with B,
insensitive pulses increases the SAR of the experiment. For experiments producing low SAR, it should be
possible to re-design the experiment to run with the B, insensitive pulses in approximately the original
examination time, with the same S/N, but with improved fidelity (without the spatially varying contrast). In
some cases, a re-designed experiment with longer repetition time, improved S/N, and a higher acceleration
factor may be the ingredients to achieve the improved fidelity with similar examination time, while still staying
within SAR limitations. However, for experiments that are already close to SAR limits, such as turbo spin echo
experiments, improved fidelity can come only at the expense of a longer examination time. To better illustrate
the trade-offs under consideration, SAR considerations for the 3D MP RAGE experiment are outlined below.

The literature suggests 1 kW of power applied to a headcoil should produce a B field of 1 kHz>®?. This
should be a conservative number, as it neglects any power absorbed by the coil itself. Assuming Kangarlu et
al.’s suggestion that the weight of the human head makes up 5% of body weight®®, and using a weight of 90 kg,
gives a head weight of 4.5 kg. The FDA SAR limit is 3.2 watts/kg, or, for this example, approximately 14 watts.
Finally, let us assume a worst case example for producing a shallow tip angle using the B; immune on-
resonance rectangular pulse sequence which requires 4 x 90°, or 360 degrees of total rotation (Fig. 9). That is,
with 1 kW of power the excitation pulse duration is 1 ms. The maximum number of these excitation pulses per
second (to not exceed 3.2 watts/kg) is then 14. Measurements of RF power presented at the 2007 RR Site
Visit showed that the above calculations are entirely reasonable.

The Bruker MedSpec 3D MPRAGE used by CIND scientists collects 120 lines of k space in 2.3 seconds, or
52 pulses/sec (neglecting the inversion pulse which occurs once every 2.3 seconds, and thus contributes very
little to the SAR). Use of the newly designed off-resonance excitation pulses with an overall length of 1 ms
lowers the wattage by a factor of 2, which still only allows 28 pulses/second. Lengthening the on resonance B
immune excitation pulse to 2 ms lowers the power by a factor of 4, and allows approximately 56 pulses/sec.
However, this also lowers the immunity of the pulse to resonance offset. More importantly, replacing the
original 100 us excitation pulse length with a 2 ms pulse length significantly lengthens the time of the
experiment, and would require re-adjustment of the inversion time.

We have recently shown, by simulations of the 3D MPRAGE experiment, that lengthening the TR time by a
factor of 2, and suitably re-adjusting the inversion time and excitation angle, can produce a S/N increase of
approximately 2 (Preliminary Results). In principle, this would enable an acceleration factor of 4 to be used to
reduce the examination time. However, as the MPRAGE experiment already uses an acceleration factor of 2,
a more prudent approach would be to lengthen the TR time by just over 2 1/2 (giving an increased S/N by
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approximately the same factor), so the experiment would require only 36 excitation pulses/sec, and use a total
acceleration factor of 4 to keep the examination time close to the original time.

This brief example illustrates how a low SAR experiment can be re-designed to incorporate the more SAR
intensive pulses into the experiment to produce the same S/N but with improved fidelity in essentially the same
examination time. Moreover, we expect that simulation of other experiments will similarly reveal a broad range
of parameters producing varying amounts of SAR, that can be used in conjunction with altered acceleration
factors to achieve similar S/N and contrast in a similar examination time. However, for experiments already
close to the SAR limit, the price for improved fidelity by incorporation of B, insensitive pulses will necessarily
be lengthened examination time even with experiment re-design. Finally, details of any re-design depend on
the pulses to be implemented, and on the amount of SAR reported by the MRI instrument.

D.5.b. Lowered Voltage Spin Echo Pulses: In contrast to the B4 insensitive pulses, it should be possible to
incorporate the lowered voltage spin echo pulses into existing experiments, with a concomitant increase in
slice selective gradient, without significantly increasing the SAR of the experiment. In some case we will make
use of CP phase cycling to improve the fidelity of every second echo as discussed in the Preliminary Results
section of this proposal.

D.5.b.i. 1 T1-Weighted MRI: Although the primary emphasis of the pulse development section of this proposal
is on the development of improved slice selective pulses for multislice MRI at high field, the Pl will also work
with other members of the CIND to implement these pulses into MRI sequences. The primary T1-weighted
structural MRI being used by the CIND at 4.0 Tesla is a 3D MPRAGE sequence, which does not use slice
selective pulses. Although the shallow tip rectangular pulse sequences shown in the Preliminary Results
section could be implemented into a re-designed version of this experiment, our present thinking is that, due to
the large total rotation (rotation an on-resonance spin would experience), the magnetization transfer effects
would degrade the experiment as indicated in the Preliminary Results section. Instead, we will aim to
generate a slice-selective (2D), whole brain sequence that can obtain results with similar S/N, hopefully in a
similar examination time, as the original experiment, albeit with improved fidelity due the incorporation of the B;
insensitive pulses. However, some lengthening of the examination time may be required to avoid exceeding
the SAR limitations. The new experiment should largely negate the effects of non-uniform tipping, and
significantly improve the ability to segment these images.

D.5.b.ii. T2-Weighted MRI: For the T2 weighted sequences, use will be made of excitation pulses with
immunity to By inhomogeneity, and for the SE pulses, we will implement the use of dual pulses with reversed
phases (as discussed in the Preliminary Results section) to avoid the signal losses that would otherwise result
from B4 inhomogeneity and resonance offsets. It is anticipated that 2mm slice thickness will be used by CIND
for the 4.0 Tesla T2-weighted structural MRI sequences. Some sacrifices may have to be made in terms of
longer repetition time, to avoid exceeding SAR limits.

As the Bruker MedSpec turbo spin echo (TSE) sequences use an initial “stabilization” sequence, it
is possible that the sequence could be improved by using B;-insensitsive pulses for the stabilization
section, and use normal pulses throughout the remainder of the sequence. Such an approach might
lessen the effect of the B; inhomogeneity, while only slightly increasing the SAR of the sequence. This
intriguing possibility will be explored through the simulations proposed (See below).

The PI will assist in additional implementation of pulses developed in this proposal into MRI sequences as
appropriate.

D.5.b.iii. Relaxation Experiments: While a variety of MRI experiments for measurement of T1 in tissue are in
use, most commonly used experiments can be divided into one of two categories: The first category consists
of experiments using a number of time points, and for the most part are derived from the Look-Locker T1
experiment and implemented with a low angle FLASH experiment®*. The second category makes use of only a
very few time points, and are generally based on inversion recovery or saturation experiments (e.g., steady-
state saturation under varied flip angles®). All of these experiments benefit from knowledge of the pulse
angel(s) used in the experiment for improved accuracy of the calculated relaxation times. In addition, these
experiments are not generally SAR intensive. Thus, we will implement Bs-insensitive pulses into T1 relaxation
experiments in use by CIND scientists.
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MRI experiments for measurement of T2 are invariably spin echo experiments, and accurate spin echo pulses
are a necessity for measurement of accurate T2 values. Thus, we plan to implement Bs-insensitive pulses into
T2 measurement sequences. Options include using Bs-insensitive pulses that we have developed, or using
the lowered voltage spin echo pulses we have developed with CP phase cycling and using only every second
echo for T2 measurements.

Further Development of MRI Simulation Programs (14 months): The simulation programs
demonstrated for MP RAGE in the Preliminary Results section were written in Matlab with a user
friendly, GUI interface (Appendix E), and include magnetization transfer (MT) effects (Appendix F). A
further feature of these simulations is the ability to optimize the tip angles to maintain a constant
signal intensity throughout a k-space traverse, with a prescribed roll-off of signal intensity at the edge
of k-space. As the optimized tips depend on relaxation times?’, the optimization is for a particular
tissue. However, averages of optimized tips for gray and white matter can be used to generate nearly
flat responses for both of these tissues in the MP RAGE sequence. An example of these simulations
for the 3D MP RAGE experiment is provided in Project 1 of the Acquisition Core.

These types of simulations will be expanded to other types of MRI experiments, including GRASE °°
experiments. In addition, Extended Phase Graph algorithms??2° will be used to simulate Turbo Spin
Echo (TSE)® and MP SAGE? types of experiments. The simulations will include both magnetization
transfer effects and the sensitivity of the experiment to off resonance effects, as well as providing for
the calculation of optimized tips for flat signal responses.

While the primary purpose of these simulations is to quantify MT effects, they will also enable B;
inhomogeneity effects to be examined, and will enable such strategies as the use of B; insensitive
pulses for just the stabilization section of TSE (and other) sequences to assessed. A further, important
use of these MRI simulations is expected to be in optimization of MRI sequences at 4.0 Tesla, taking
into account advances provided by the reconstruction section of this grant for increased acceleration
factors for MRI experiments.

D.6. Interactions

D.6.a. Interactions with other TRD projects: To the extent that implementation of improved RF pulses can
improve the MRI sequences in use, this project will impact all other projects. In addition, the MRI computer
simulations are also expected to provide improvement to some of the MRI sequences in use. In particular, this
project will have strong interactions with Dr. Schuff's project (Acquisition Core 1) in providing improved RF
pulses for T1 measurements, and the MRI simulations should enable optimization of acquisition parameters for
FLASH and MP RAGE experiments, including calculation of variable flip angles. As the GRACE experiments
being developed by Dr. Feinberg (Acquisition Core 2) can be thought of as turbo spin echo experiments with
added gradient echo acquisitions, the improved RF pulses should also benefit these experiments, and this
project will have strong interactions with Dr. Feinberg’s project.

This project will also have interactions with the reconstruction core. First, the use of B, insensitive pulses is
expected to enable more accurate image intensity normalization (and thus segmentation) to be performed.
Second, the MRI data may be improved by optimization of acquisition parameters through the MRI simulations.
Finally, this project will interact with the processing core, primarily through the MRI simulations. As the
processing core enables sparser sampling and/or higher acceleration factors to be used, the simulations are
expected to be invaluable in making optimal use of these improvements.

D.6.b. Interactions with collaborative projects: The combination of improved RF pulses and MRI
simulations have the potential for improving imaging experiments used by all of the collaborative
cores. This core is expected to have particularly strong interactions with Dr. Laxer’s epilepsy core due
to his emphasis on perfusion studies, which are expected to benefit from the B; insensitive pulses.
However, interactions with the other collaborative projects, including will also be developed

E. HUMAN SUBJECTS RESEARCH

E.1. Protection of Human Subjects: A “protection of human subject” section has been written for the entire
application in the main introduction section
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F. VERTEBRATE ANIMAL: N/A

G. SELECT AGENT RESEARCH: N/A
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