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MR IMAGING WITH AN RF PULSE
PRODUCING REDUCED MAGNETIZATION
TRANSFER

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims the benefit under 35 U.S.C.
§ 119(e) of U.S. Provisional Application 60/744,366 filed on
Apr. 6, 2006, the disclosure of which is incorporated herein
by reference.

BACKGROUND OF THE INVENTION

The present invention relates generally to magnetic reso-
nance imaging, and more specifically, to a system and method
designed to reduce the effects of magnetization transfer on
image quality and resolution. By transmitting tailored RF
pulses according to particular k-space trajectories, the trans-
fer of magnetization from excited nuclei in a desired slice to
nuclei of neighboring slices may be reduced.

When a substance such as human tissue is subjected to a
uniform magnetic field (polarizing field B,), the individual
magnetic moments of the spins in the tissue attempt to align
with this polarizing field, but precess about it in random order
at their characteristic Larmor frequency. If the substance, or
tissue, is subjected to a magnetic field (excitation field B,)
which is in the x-y plane and which is near the Larmor
frequency, the net aligned moment, or “longitudinal magne-
tization”, M, may be rotated, or “tipped”, into the x-y plane
to produce a net transverse magnetic moment M,. A signal is
emitted by the excited spins after the excitation signal B, is
terminated and this signal may be received and processed to
form an image.

When utilizing these signals to produce images, magnetic
field gradients (G,, G,, and G,) are employed. Typically, the
region to be imaged is scanned by a sequence of measurement
cycles in which these gradients vary according to the particu-
lar localization method being used. The resulting set of
received NMR signals are digitized and processed to recon-
struct the image using one of many well known reconstruc-
tion techniques.

One factor affecting the strength and/or signal to noise ratio
(SNR) of these NMR signals is known as “magnetization
transfer.”” Magnetization transfer is the exchange of magneti-
zation between macromolecular or “bound” protons and bulk
or “free” protons, most prevalent in water. This exchange can
occur, for example, by dipolar interaction or chemical
exchange between different tissue types and molecules. Mag-
netization transfer is generally proportional to transmit
power, though it also depends upon other conditions. Since
the T2 times of bound protons are generally much shorter than
the T2 times of free protons, it can be difficult to directly
acquire MR signals from bound protons. Therefore, some
processes, typically referred to as “magnetization transfer
imaging” (MTI) techniques, use the degree of interaction
between bound protons and free protons as an image weight-
ing.

Frequently, however, magnetization transfer can have an
adverse effect on image quality and/or SNR of non-MTI
imaging. When an RF pulse is applied at a resonant frequency
for a given slice, nearby off-resonant bound protons can
become saturated due to magnetization transfer. The extent of
saturation is dependent upon several factors including the
type of tissue of interest, the T1 of the tissue of interest, the T2
of nearby bound spins, and the rate of exchange of magneti-
zation therebetween, but often extends about 10 kHz on either
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side of the selected slice. The saturation of the off-resonant
bound protons can then transfer to free protons of the slice to
be imaged, further affecting signal quality. Conversely, when
tissues having many bound protons are to be imaged (such as
white matter), magnetization transfer can reduce the amount
of net magnetization in the tissue(s) of interest and affect the
imageability thereof.

One type of pulse which may limit transmit power (SAR),
as compared to a conventional sinc pulse, is known as a
variable rate selective excitation (VERSE) pulse. VERSE
pulses are typically employed as a technique for reducing
peak and total power over a high amplitude portion of a pulse
sequence. These pulses are usually derived from an RF pulse
conventionally shaped for a desired flip angle, duration, and
bandwidth. However, the higher amplitude portions of the
pulse are then reshaped to reduce peak and total power. As
shown in FIG. 1, a VERSE pulse 2 is generally characterized
by a lengthened or stretched main lobe 4 that is significantly
longer than other lobes 6 of the pulse. Although the RF power
is reduced, it is spread over a larger region. As a result, though
the MT effect is reduced over the 10 kHz on either side of the
slice select location, there are more spins being affected and
thus more aggregate MT within that band. During the
stretched mainlobe 4, the slice select gradient 8 is reduced.
This has the effect of spreading the MT effect over a wider
extent in the slice select direction, acting to increase the
cumulative MT effect in a multi-slice sequence. This spread-
ing effect mitigates the previously mentioned lowering of MT
effects. Thus while VERSE pulses lower SAR, they are still
proneto producing M T effects in multi-slice acquisitions, and
may therefore produce poor signal quality in certain circum-
stances.

It would therefore be desirable to have a system and
method capable of reducing the occurrence of off-resonance
magnetization transfer saturation while maintaining a high
signal quality and acceptable specific absorption rate (SAR)
for MR imaging.

BRIEF DESCRIPTION OF THE INVENTION

The present invention provides a system and method for
overcoming the aforementioned drawbacks. In particular, RF
pulses may be optimally designed to reduce or limit the
amount of magnetization transfer caused by transmission of
the pulses.

Therefore, in accordance with one aspect of the invention,
an MR imaging apparatus includes a plurality of gradient
coils positioned about a bore of a magnet and an RF trans-
ceiver system and switch controlled by a pulse module to
transmit and receive signals to and from an RF coil assembly
to acquire MR images of a subject within the bore. The
apparatus is also provided with a computer that is pro-
grammed to create at least one RF pulse to reduce magneti-
zation transfer caused thereby, while maintaining a given flip
angle, and to cause transmission of the at least one RF pulse
during an MR imaging sequence having an alternating slice-
select gradient.

In accordance with another aspect of the invention, the
invention provides for a method of MR imaging. The method
includes the step of selecting an RF pulse having a profile that
includes at least one low amplitude portion and a high ampli-
tude portion, and the step of transmitting the RF pulse during
an MR data acquisition sequence such that the high amplitude
portion is played out more times than the at least one low
amplitude portion.

In accordance with a further aspect of the invention, a
computer readable storage medium has a set of instructions



US 7,635,977 B2

3

stored thereon which, when executed by a computer, causes
the computer to determine a desired k-space trajectory to
repeatedly traverse at least a portion of an RF pulse profile.
The instructions then cause the computer to optimize the RF
pulse profile, in an iterative manner, in order to minimize the
magnetization transfer which would be caused by the RF
pulse profile. The computer is then caused to output the itera-
tively optimized RF pulse profile for transmission in a RF
scan sequence in order to acquire an MR image of a scan
subject.

Various other features and advantages of the present inven-
tion will be made apparent from the following detailed
description and the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The drawings illustrate one embodiment presently contem-
plated for carrying out the invention.

In the drawings:

FIG. 1 is a graph of an exemplary known RF pulse profile.

FIG. 2 is a schematic block diagram of an MR imaging
system for use with the present invention.

FIG. 3 is a graph of an exemplary RF pulse profile and
k-space trajectory in accordance with one embodiment of the
present invention.

FIG. 4 is a graph showing a pulse sequence utilizing the RF
pulse profile of FIG. 3.

FIG. 5is a graph of another exemplary RF pulse profile and
k-space trajectory in accordance with a further embodiment
of the present invention.

FIG. 6 is a graph showing a pulse sequence utilizing the RF
pulse profile of FIG. 5.

FIG. 7 is a graph of another exemplary RF pulse profile and
k-space trajectory in accordance with a further embodiment
of the present invention

FIG. 8 is a graph showing a pulse sequence utilizing the RF
pulse profile of FIG. 3.

FIG.9 is a plot of relative magnetization transfer saturation
over distance for a number of RF pulse techniques.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

Referring to FIG. 2, the major components of a magnetic
resonance imaging (MRI) system 10 incorporating the
present invention are shown. The operation of the system is
controlled from an operator console 12 which includes a
keyboard or other input device 13, a control panel 14, and a
display screen 16. The console 12 communicates through a
link 18 with a separate computer system 20 that enables an
operator to control the production and display of images on
the display screen 16. The computer system 20 includes a
number of modules which communicate with each other
through a backplane 20a. These include an image processor
module 22, a CPU module 24 and a memory module 26,
known in the art as a frame buffer for storing image data
arrays. The computer system 20 is linked to disk storage 28
and removable storage 30 for storage of image data and pro-
grams, and communicates with a separate system control 32
through a high speed serial link 34. The input device 13 can
include a mouse, joystick, keyboard, track ball, touch acti-
vated screen, light wand, voice control, or any similar or
equivalent input device, and may be used for interactive
geometry prescription.

The system control 32 includes a set of modules connected
together by a backplane 324. These include a CPU module 36
and a pulse generator module 38 which connects to the opera-
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tor console 12 through a serial link 40. It is through link 40
that the system control 32 receives commands from the opera-
tor to indicate the scan sequence that is to be performed. The
pulse generator module 38 operates the system components
to carry out the desired scan sequence and produces data
which indicates the timing, strength and shape of the RF
pulses produced, and the timing and length of the data acqui-
sition window. The pulse generator module 38 connects to a
set of gradient amplifiers 42, to indicate the timing and shape
of the gradient pulses that are produced during the scan. The
pulse generator module 38 can also receive patient data from
aphysiological acquisition controller 44 that receives signals
from a number of different sensors connected to the patient,
such as ECG signals from electrodes attached to the patient.
And finally, the pulse generator module 38 connects to a scan
room interface circuit 46 which receives signals from various
sensors associated with the condition of the patient and the
magnet system. It is also through the scan room interface
circuit 46 that a patient positioning system 48 receives com-
mands to move the patient to the desired position for the scan.

The gradient waveforms produced by the pulse generator
module 38 are applied to the gradient amplifier system 42
having Gx, Gy, and Gz amplifiers. Each gradient amplifier
excites a corresponding physical gradient coil in a gradient
coil assembly generally designated 50 to produce the mag-
netic field gradients used for spatially encoding acquired
signals. The gradient coil assembly 50 forms part of a magnet
assembly 52 which includes a polarizing magnet 54 and a
whole-body RF coil 56. A transceiver module 58 in the sys-
tem control 32 produces pulses which are amplified by an RF
amplifier 60 and coupled to the RF coil 56 by a transmit/
receive switch 62. The resulting signals emitted by the excited
nuclei in the patient may be sensed by the same RF coil 56 and
coupled through the transmit/receive switch 62 to a pream-
plifier 64. The amplified MR signals are demodulated, fil-
tered, and digitized in the receiver section of the transceiver
58. The transmit/receive switch 62 is controlled by a signal
from the pulse generator module 38 to electrically connect the
RF amplifier 60 to the coil 56 during the transmit mode and to
connect the preamplifier 64 to the coil 56 during the receive
mode. The transmit/receive switch 62 can also enable a sepa-
rate RF coil (for example, a surface coil) to be used in either
the transmit or receive mode.

The MR signals picked up by the RF coil 56 are digitized
by the transceiver module 58 and transferred to a memory
module 66 in the system control 32. A scan is complete when
an array of raw k-space data has been acquired in the memory
module 66. This raw k-space data is rearranged into separate
k-space data arrays for each image to be reconstructed, and
each ofthese is input to an array processor 68 which operates
to Fourier transform the data into an array of image data. This
image data is conveyed through the serial link 34 to the
computer system 20 where it is stored in memory, such as disk
storage 28. Inresponse to commands received from the opera-
tor console 12, this image data may be archived in long term
storage, such as on the removable storage 30, or it may be
further processed by the image processor 22 and conveyed to
the operator console 12 and presented on the display 16.

Referring now to FIG. 3, an exemplary low-MT RF pulse
design and corresponding k-space trajectory are shown, in
accordance with one embodiment of the present invention.
Various RF pulse sequences, such as spin echo or fast spin
echo sequences, transmitted by an RF coil 56 of MR system
10 during a transmit sequence may utilize the design of low-
MT RF pulse 70 for image acquisition. For example, RF pulse
70 may be used as a refocusing pulse in a spin-echo (SE) or
fast spin echo (FSE) sequence. However, it is understood that
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a low-MT RF pulse 70 in accordance with embodiments of
the invention may be transmitted as an excitation pulse, a
refocusing pulse, or many other kinds of pulses. Thus, it is
appreciated that RF pulse 70 may find other applications,
such as use in diffusion-weighted imaging (DWI), spectral-
spatial pulse transmissions, combined spin echo and gradient
echo sequences, or other sequences in which it may be desir-
able to limit magnetization transfer.

As shown, low-MT RF pulse 70 is generally shown with a
mainlobe 74 and two sidelobes 76, 78. Mainlobe 74 is char-
acterized by a higher gain than sidelobes 76, 78. It will be
appreciated, however, that the MT reduction features of the
present invention are applicable to pulses which may not be
shaped as shown. For example, other RF pulse profiles which
may be designed according to embodiments of the invention
may not have one distinct mainlobe and two sidelobes. Gen-
erally, RF pulse profiles may have any shape. Thus, discus-
sions referencing the mainlobe 74 of an RF pulse 70 can be
extended to include the highest amplitude portion (corre-
sponding to the acquisition of the center of a k-space) of an
arbitrarily shaped RF pulse.

In this regard, a center of the particular portion of k-space
to be imaged by pulse 70 is considered to be acquired at
roughly the center point 92 of mainlobe 74. Thus, as will be
discussed below, RF pulse 70 may be played out according to
a given k-space trajectory 72 for a given portion of k-space.
The k-space trajectory 72 illustrated in FIG. 3 begins by
playing out the first sidelobe 76 of RF pulse 70 for a periphery
of'the k-space 94 and then playing out the mainlobe 74 of RF
pulse 70 for the center of the k-space 92. Then, the mainlobe
is repeatedly played out 82, 84, 86 for sampling the center of
the k-space 92. Finally, the RF pulse is played out 88 over the
mainlobe 74, once again for the center of the k-space 92, and
the second sidelobe 78 for a periphery of the k-space 96.
Thus, in one embodiment, the first sidelobe 76 may be played
out once, the mainlobe 74 may be played out five times, and
the second sidelobe 78 may be played out once. One of skill
in the art will appreciate that the duration, amplitude, and
shape of the lobes 74, 76, 78 may be designed to distribute a
total flip angle over the transmission of the lobes 74, 76, 78,
affecting a signal quality or strength, over both spatial and
spectrally defined regions, for the various k-space samplings.

Referring now to FIG. 4, a graph of the low-MT RF pulse
70 of FIG. 3 is shown, as played out according to the k-space
trajectory 94 of FIG. 3. Thus, the low-MT RF pulse 100 of
FIG. 4 generally displays a first sidelobe portion 104, five
“mainlobe” portions 106-114, and a second sidelobe portion
116. First sidelobe portion 104 of FIG. 4 is played out for the
peripheral k-space region 94 of FIG. 3. Mainlobe portions
106-114 of FIG. 4 are played out for the central k-space
region 92 of FIG. 3. As shown in FIG. 4, mainlobe portions
106 and 114 have a lower amplitude than the other mainlobe
portions 108-112, and mainlobe portion 110 has the highest
amplitude. Therefore, since the total flip angle effected by RF
pulse 70 is spread among several mainlobe portions 106-114,
the transmit power of RF pulse 70 does not need to be reduced
in order to reduce SAR or off-resonance magnetization trans-
fer saturation. For example, if low-MT RF pulse 70 were to be
used as a refocusing pulse having a desired 180 degree flip
angle, the total transmit power could remain at 180 degrees
(spread over lobes 106-114) yet the off-resonance magneti-
zation transfer saturation would be significantly less than that
caused by a common sinc or Shinnar-I.eRoux based 180
degree RF pulse design. As a different example, if low-MT
RF pulse 70 were to be used as a refocusing pulse having a
desired 120 degree flip angle, the total transmit power of over
the course of playing out RF pulse 70 could remain at 120
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degrees, yet the off-resonance magnetization transfer satura-
tion would be significantly less than that caused by a typical
120-degree RF pulse and less even than a 180 degree low-MT
RF pulse.

During the transmission of RF pulse 100 of FIG. 4, an
alternating slice-select gradient (Gz) 102 is applied. It is
contemplated that some or all of the gradient waveform 102
may alternate at a maximum slew rate. When first sidelobe
portion 104 is transmitting, Gz gradient increases to a first
positive peak 118 and momentarily plateaus. When the first
mainlobe portion 106 is transmitting, Gz begins decreasing
towards a first negative peak 120. During transmission of the
second mainlobe portion 108, Gz begins increasing from
negative peak 120. When third mainlobe portion 110 is trans-
mitting, Gz reaches a second positive peak 122. Thereafter,
Gz decreases to a second negative peak 124 during transmis-
sion of fourth mainlobe portion 112, increases to a third
positive peak 126 during transmission of fifth mainlobe por-
tion 114, briefly plateaus, then decreases during transmission
of'the second sidelobe portion 116. As can be seen, the trans-
mission of RF pulse 100 and Gz gradient 102 is substantially
symmetrical on either side of third mainlobe portion 110. By
playing out an optimized RF pulse similar to RF pulse 100
during an alternating slice-select gradient, such as Gz 102,
magnetization transfer caused by the pulse can be limited. As
known in the art, when subject anatomy outside the slice
profile (i.e. off-resonant anatomy) and/or non-target tissues
are not saturated by magnetization transfer, the resulting sig-
nal quality from the subject anatomy within the field of view
and/or from target tissues may exhibit improved contrast.

The shape of RF pulse 100 and the behavior of Gz gradient
102 are specifically defined prior to transmission in order to
control the magnetization profile thereof for each location in
k-space along the desired k-space trajectory. In other words,
RF pulse 100 can be shaped so that the change in magnetiza-
tion effected at each point during its transmission conforms to
a desired result. As known in the art, the change in magneti-
zation due to an RF transmission in a given magnetic field can
be described by the Bloch equations. One expression of the
Bloch equations, solving for the change in longitudinal mag-
netization (M, ) and transverse magnetization (M, and M,) is
given by:

oM, Mo — M, E 1

=~ My + qn.

ar “1 Y Vil
am, My —
Frake (wo —w)My — Tz g
oM, M.,

Eqgn. 3

Bty = —(wo— )My +w M, - TZ qn

where w,=2myB, and w,=2myB,. Therefore, a desired mag-
netization which limits magnetization transfer can be used as
a set of solutions to the Bloch equations to define an RF pulse
for general use or specifically adapted to a given scan pre-
scription. It is contemplated that a pulse defined in accor-
dance with embodiments of the invention may be 1D or
multi-dimensional spatially-selective. In general, however,
defining the RF pulseto increase in gain, then decrease in gain
for acquisition of the k-space center, during an alternating
gradient, aids in reducing oft-resonance saturation or magne-
tization transfer.

The shaping of an RF pulse profile can be achieved by
iteratively optimizing a multi-order polynomial defining the
RF pulse profile. That is, a vector of coefficients correspond-
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ing to the variables of a multi-order polynomial can be
adjusted during a series of iterations to shape an RF pulse. The
polynomial can be compared in each iteration to a desired set
of solutions to the Bloch equations for all or a number of
points along the RF pulse profile. Depending upon the com-
parison, the coefficients may be increased or decreased to
drive the polynomial towards satisfying the desired solutions
along some or all points of the RF pulse. Alternatively, two or
more polynomials may be iteratively optimized to separately
define the sidelobe portions and the mainlobe. Or, since an
optimized RF pulse may generally be symmetric, one poly-
nomial may be optimized for half of the pulse, or some other
portion thereof, and then reflected to represent the full pulse
or pulse portion. For example, in one embodiment, one fifth-
order polynomial may be defined to describe one sidelobe
portion of an RF pulse and another fifth-order polynomial
may be defined to describe half of the mainlobe. The inverse
of these polynomials may then be used to describe the other
sidelobe portion and the other half of the mainlobe, respec-
tively.

As one skilled in the art will appreciate, RF pulses opti-
mized in accordance with the above-described technique can
vary not only according to the desired magnetization charac-
teristics, but also according to the desired k-space trajectory.
As shown in FIG. 5, an RF pulse 130 may also be optimized
according to k-space trajectories other than that shown in
FIG. 3. The k-space trajectory 132 shown in FIG. 5 generally
plays out a first sidelobe 134 of RF pulse 130 three times, a
mainlobe 136 five times, and a second sidelobe 138 three
times. In other words, RF pulse 130 may be designed to
produce an MR signal corresponding to a given portion or
segment of k-space such that a first periphery of the k-space
segment 150 is sampled three times, a center of the k-space
154 segment is sampled five times, and a second periphery of
the k-space segment 152 is sampled three times. As shown,
the k-space trajectory 132 plays out the entire RF pulse 130 in
a first pass 140 for a periphery 150, 152 and a center 148 of
k-space. Then, the trajectory plays out the second sidelobe
138 and the mainlobe 136 in a second pass 142. The mainlobe
136 is then played out again during a third pass 144, followed
by a fourth pass 146 playing out the mainlobe 136 and the first
sidelobe 134. Finally, the RF pulse 130 is again played out in
its entirety in a fifth pass 148.

A plot of the RF pulse 130 of FIG. 5, as played out accord-
ing to the k-space trajectory 132, is shown in FIG. 6. RF pulse
160 begins by playing out a first sidelobe portion 164, a
mainlobe portion 166, and a second sidelobe portion 168,
corresponding to the first pass of the k-space trajectory of
FIG. 5. Next, RF pulse 160 is then played out for another
second sidelobe portion 170 followed by another mainlobe
portion 172, corresponding to the second pass of the k-space
trajectory of FIG. 5. RF pulse 160 is then played out for a third
mainlobe portion 174, corresponding to the third pass of the
k-space trajectory of FIG. 5. RF pulse 160 is again played out
for amainlobe portion 176 followed by a first sidelobe portion
178, corresponding to the fourth pass ofthe k-space trajectory
of FIG. 5. Finally, RF pulse 160 is played out for a first
sidelobe portion 180, a mainlobe portion 182, and a second
sidelobe portion 184, corresponding to the fifth pass of the
k-space trajectory of FIG. 5. In the embodiment shown, the
total flip angle caused by transmission of RF pulse 160 is
distributed over the mainlobe portions 166, 172, 174, 176,
182 by factors of 16, 6, 3%, %6, Yo, respectively. This distribu-
tion is effectuated in the illustrated embodiment by varying
the pulse widths or durations of the mainlobe portions, though
it is appreciated that flip angle distribution may be effectuated
by other techniques. The total flip angle of RF pulse 160 is
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equivalent to that of a common sinc pulse designed for imag-
ing or refocusing the same nuclei.

During transmission of an RF pulse in accordance with the
present invention, a modified alternating slice-select gradient
(Gz) 162 is applied, preferably coincidently therewith. Gz
gradient 162 begins in a decreasing slope during transmission
of' the first sidelobe portion 164, but exhibits a dip in magni-
tude 186 during transmission of mainlobe portion 166. Gz
gradient 162 then resumes a downward slope during trans-
mission of the two second sidelobe portions 168, 170. Gz
gradient 162 begins increasing during transmission of the
mainlobe portion 172, but exhibits another dip in magnitude
188. Similarly, Gz gradient 162 dips in magnitude 190 during
application of mainlobe portion 174, and then decreases
before transmission of the mainlobe portion 176. During
transmission of mainlobe portion 176, Gz gradient 162 again
dips in magnitude 192, before increasing over the two first
sidelobe portions 178, 180. Gz gradient 162 also exhibits a
dip in magnitude during transmission of mainlobe portion
182. Due to these dips in magnitude of the Gz gradient 162
during transmission of the mainlobe portions, the RF pulse
160 can maintain a relatively flattened shape or constant
amplitude during the temporal transmission, reducing peak
RF power and SAR in a manner similar to that of a VERSE
pulse.

Referring now to FIG. 7, a graph of an RF pulse profile 210
and a corresponding k-space trajectory 212 are shown. In the
example shown, RF pulse profile 210 generally has a high-
amplitude portion or mainlobe 214 and low amplitude por-
tions or sidelobes 216, 218. The maximum amplitude of RF
pulse profile 210 occurs for the acquisition of a k-space origin
220. In contrast to the k-space trajectories discussed above,
the trajectory 212 of FIG. 7 repeatedly plays out only seg-
ments of the high amplitude portion 214, rather than the entire
high amplitude portion 214. That is, trajectory 212 acquires
k-space such that the RF pulse profile 210 is played out over
the first low amplitude portion 216 and for a first segment 222
of the high amplitude portion 214, to a first point 222. From
there, the trajectory 212 plays outa second segment 226 of the
high amplitude portion 214, between the first point 22 and a
second point 228. The trajectory 214 then plays out a third
segment 230 of the high amplitude portion 214, between the
second point 228 and a third point 232. Similarly, a fourth
segment 234 is played out between the third point 232 and a
fourth point 236 and a fifth segment 238 is played out from the
fourth point 236 through the second low amplitude portion
218. Thus, it will be appreciated that the high amplitude
portion 214 of an RF pulse profile 210 can be played out in
segments. That is, embodiments need not play out the high
amplitude portion of an RF pulse profile repeatedly in its
continuous entirety in order to achieve the reduced MT
advantages of the present invention. A high amplitude portion
can be played out in any desired segments any number of
times, according to the desired reduction in MT, the desired
pulse duration, the desired flip angle, and the like.

FIG. 8 depicts a time-domain plot 250 of the RF pulse
profile 210 of FIG. 7 being transmitted in the presence of a
slice-select gradient waveform 252. As shown, a low-ampli-
tude portion 252 of the RF pulse is transmitted first, followed
by a segment 268 corresponding to the high amplitude portion
214 ofthe RF pulse 210 of FIG. 7, extending to first point 224.
Next, the RF pulse 250 of FIG. 8 is transmitted for a second
segment 256, corresponding to the high amplitude portion
214 of'the RF pulse 210 of FIG. 7 extending between the first
point 224 and the second point 228. The RF pulse 250 of F1G.
8 is then transmitted for a third segment 258, corresponding to
the high amplitude portion 214 of the RF pulse 210 of FIG. 7
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extending between the second point 228 and the third point
232. Accordingly, as shown in FIG. 8, segment 258 is longer
than segment 256, but shorter than segment 268. Similarly,
RF pulse 250 is transmitted for a fourth segment 260, a fifth
segment 262, and a low amplitude portion 264 corresponding
to the trajectory of FIG. 7 extending between the third 232 and
fourth 236 points, and from the fourth point 236 through the
low amplitude portion 218.

The slice-select gradient waveform 252 of FIG. 8 is gen-
erally alternating in amplitude during the high amplitude
segments 254-262 of the RF pulse 250, and higher in ampli-
tude during the low amplitude segments 252, 264 of the RF
pulse 250. That is, gradient waveform 252 has a high ampli-
tude 266 during the first low amplitude RF segment 252, then
alower positive amplitude 268 during the first high amplitude
RF segment 268. The gradient waveform 252 then exhibits a
negative amplitude 270 during the second high amplitude RF
segment 270. Similarly, the gradient waveform 252 alternates
between a positive amplitude 272, a negative amplitude 274,
and a positive amplitude 276 during transmission of the third,
fourth, and fifth RF segments 258-262. The waveform 252
then increases during transmission of the second low ampli-
tude RF segment 264.

In addition, gradient waveform 252 exhibits more minor
changes in amplitude within the transmission of each RF
segment. For example, during transmission of high amplitude
segment 258 of RF pulse 250, the slice-select gradient has a
gently decreasing region 280, then an increased region 282,
then a gently increasing region 284 mirroring the decreasing
region 280. By varying the gradient as such, the RF segment
258 can be maintained at a relatively constant and reduced
power. In other words, in a manner similar to a VERSE pulse,
peak RF power and SAR can be reduced.

Embodiments of the present invention utilizing RF pulses
designed for low magnetization transfer have been tested and
validated. Referring now to FIG. 7, a graph of magnetization
transfer saturation at off-resonance locations compares tested
results for a number of RF pulse designs is shown. A common
sinc pulse 202 having a 5.8 ms duration causes significant
magnetization transfer saturation at distances up to 14 cm on
either side of the imaging slice, and still causes some mag-
netization transfer saturation even beyond 20 cm. A since
pulse 200 having a 2.9 ms duration causes very little magne-
tization transfer saturation beyond about 10-12 cm on either
side of the imaging slice. In contrast, a VERSE pulse ofa 2.9
ms duration causes magnetization transfer saturation compa-
rable to a 5.8 ms sinc pulse. However, a low-MT RF pulse
designed in accordance with embodiments of the present
invention described herein causes very little magnetization
transfer saturation between 1-2 cm and virtually no magneti-
zation transfer thereafter.

Accordingly, a system and method have been disclosed, in
anumber of embodiments, for designing RF pulses to cause a
reduced or limited amount of off-resonance magnetization
transfer saturation. As set forth above, an RF pulse may be
defined in a k-space domain and a k-space trajectory may be
chosen which traverses at least a segment of the high ampli-
tude part of the RF pulse multiple times. When the RF pulse
is mapped into the time domain, the error between the mag-
netization caused by the RF pulse and the desired target
magnetization can be found using the Bloch equations. Thus,
the pulse profile can be iteratively adjusted to optimize its
magnetization profile, while maintaining a given flip angle
and a reduced magnetization transfer. These pulses may be
used in a number of acquisition sequences to improve signal
quality and reduce blurring or other artifacts caused by off-
resonance magnetization transfer saturation.
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In particular, one embodiment of the invention includes an
MR imaging apparatus which has a plurality of gradient coils
positioned about a bore of a magnet and an RF transceiver
system and switch that are controlled by a pulse module to
transmit and receive signals to and from an RF coil assembly
to acquire MR images of a subject within the bore. The MR
apparatus also has a computer that is programmed to create at
least one RF pulse such that the pulse causes reduced mag-
netization transfer, while maintaining a given flip angle. The
computer is further programmed to cause the at least one RF
pulse to be transmitted during an MR imaging sequence hav-
ing an alternating slice-select gradient.

In another embodiment, the invention provides a method
for MR imaging. The method includes selecting an RF pulse
having a profile that includes at least one low amplitude
portion and a high amplitude portion, and transmitting the RF
pulse during an MR data acquisition sequence such that the
high amplitude portion is played out more times than the at
least one low amplitude portion.

A further embodiment of the invention includes a computer
readable storage medium which has a set of instructions
stored thereon. The instructions, when executed by a com-
puter, cause the computer to determine a desired k-space
trajectory to repeatedly traverse at least a portion of an RF
pulse profile. The instructions further cause the computer to
optimize the RF pulse profile, in an iterative manner, in order
to minimize the magnetization transfer which would be
caused by the RF pulse profile. The computer is then caused
to output the iteratively optimized RF pulse profile for trans-
mission in a RF scan sequence in order to acquire an MR
image of a scan subject.

The present invention has been described in terms of the
preferred embodiment, and it is recognized that equivalents,
alternatives, and modifications, aside from those expressly
stated, are possible and within the scope of the appending
claims.

What is claimed is:

1. A magnetic resonance (MR) imaging apparatus com-
prising:

a plurality of gradient coils positioned about a bore of a

magnet;

an RF transceiver system and an RF switch controlled by a

pulse module to transmit and receive signals to and from
an RF coil assembly to acquire MR images of a subject
within the bore; and

a computer programmed to:

create at least one RF pulse to reduce magnetization
transfer while maintaining a given flip angle; and

cause transmission of the at least one RF pulse during an
MR imaging sequence having an alternating slice-
select gradient.

2. The MR imaging apparatus of claim 1 wherein the com-
puter is further programmed to cause transmission of the at
least one RF pulse as a refocusing pulse in one of a spin
echo-based sequence or a diffusion-type sequence.

3. The MR imaging apparatus of claim 1 wherein the com-
puter is programmed to cause transmission of the at least one
RF pulse simultaneously with the alternating slice-select gra-
dient.

4. The MR imaging apparatus of claim 3 wherein a spectral
profile of the at least one RF pulse has a mainlobe and at least
two sidelobes and wherein the computer is further pro-
grammed to cause transmission of the at least one RF pulse
such that the mainlobe is played out for a longer total time
than each of the at least two sidelobes during the imaging
sequence.
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5. The MR imaging apparatus of claim 4 wherein the com-
puter is further programmed to lower a slice-select gradient
strength during transmission of the mainlobe.

6. The MR imaging apparatus of claim 4 wherein the com-
puter is further programmed to play out the mainlobe during
the alternating slice-select gradient.

7. The MR imaging apparatus of claim 4 wherein the com-
puter is further programmed to cause transmission of the at
least one RF pulse such that the mainlobe is played out as a
number of segments.

8. The MR imaging apparatus of claim 7 wherein the com-
puter is further programmed to transmit the at least one RF
pulse in an RF pulse sequence having at least one other RF
pulse created to reduce magnetization transfer caused
thereby.

9. The MR imaging apparatus of claim 1 wherein a spectral
profile of the at least one RF pulse has at least one low
amplitude portion and a high amplitude portion.

10. The MR imaging apparatus of claim 1 wherein the
imaging sequence is designed to improve a contrast of bound
protons in T1 weighted imaging by limiting magnetization
transfer effects accumulating during the imaging sequence.

11. A magnetic resonance (MR) imaging apparatus com-
prising:

a plurality of gradient coils positioned about a bore of a

magnet;

an RF transceiver system and an RF switch controlled by a

pulse module to transmit and receive signals to and from
an RF coil assembly to acquire MR images of a subject
within the bore; and

a computer programmed to:

create at least one RF pulse to reduce magnetization
transfer while maintaining a given flip angle, wherein
a spectral profile of the at least one RF pulse has a
mainlobe and at least two sidelobes; and

cause transmission of the at least one RF pulse during an
MR imaging sequence having an alternating slice-
select gradient.

12. The MR imaging apparatus of claim 11 wherein the
computer is further programmed to cause transmission of the
at least one RF pulse such that the mainlobe is played out for
a longer total time than each of the at least two sidelobes
during the imaging sequence.

13. The MR imaging apparatus of claim 12 wherein the
computer is further programmed to lower a slice-select gra-
dient strength during transmission of the mainlobe.

14. The MR imaging apparatus of claim 12 wherein the
computer is further programmed to play out the mainlobe
during the alternating slice-select gradient.

15. The MR imaging apparatus of claim 12 wherein the
computer is further programmed to cause transmission of the
at least one RF pulse such that the mainlobe is played out as
a number of segments.

16. The MR imaging apparatus of claim 15 wherein the
computer is further programmed to transmit the at least one
RF pulse in an RF pulse sequence having at least one other RF
pulse created to reduce magnetization transfer caused
thereby.

17. The MR imaging apparatus of claim 12 wherein the
computer is further programmed to cause transmission of the
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at least one RF pulse as a refocusing pulse in one of a spin
echo-based sequence or a diffusion-type sequence.

18. The MR imaging apparatus of claim 12 wherein the
imaging sequence is designed to improve a contrast of bound
protons in T1 weighted imaging by limiting magnetization
transfer effects accumulating during the imaging sequence.

19. A magnetic resonance (MR) imaging apparatus com-
prising:

a plurality of gradient coils positioned about a bore of a

magnet;

an RF transceiver system and an RF switch controlled by a

pulse module to transmit and receive signals to and from
an RF coil assembly to acquire MR images of a subject
within the bore; and

a computer programmed to:

create at least one RF pulse to reduce magnetization
transfer while maintaining a given flip angle;

iteratively define the at least one RF pulse based on a
multi-variable polynomial; and

cause transmission of the at least one RF pulse during an
MR imaging sequence having an alternating slice-
select gradient.

20. The MR imaging apparatus of claim 19 wherein the
computer is further programmed to cause transmission of the
at least one RF pulse as a refocusing pulse in one of a spin
echo-based sequence or a diffusion-type sequence.

21. The MR imaging apparatus of claim 19 wherein a
spectral profile of the at least one RF pulse has a mainlobe and
at least two sidelobes.

22. The MR imaging apparatus of claim 21 wherein the
computer is further programmed to cause transmission of the
at least one RF pulse such that the mainlobe is played out for
a longer total time than each of the at least two sidelobes
during the imaging sequence.

23. The MR imaging apparatus of claim 22 wherein the
computer is further programmed to lower a slice-select gra-
dient strength during transmission of the mainlobe.

24. The MR imaging apparatus of claim 22 wherein the
computer is further programmed to play out the mainlobe
during the alternating slice-select gradient.

25. The MR imaging apparatus of claim 22 wherein the
computer is further programmed to cause transmission of the
at least one RF pulse such that the mainlobe is played out as
a number of segments.

26. The MR imaging apparatus of claim 25 wherein the
computer is further programmed to transmit the at least one
RF pulse in an RF pulse sequence having at least one other RF
pulse created to reduce magnetization transfer caused
thereby.

27. The MR imaging apparatus of claim 19 wherein the
computer is further programmed to iteratively define the at
least one RF pulse based on a multi-variable polynomial.

28. The MR imaging apparatus of claim 19 wherein the
imaging sequence is designed to improve a contrast of bound
protons in T1 weighted imaging by limiting magnetization
transfer effects accumulating during the imaging sequence.

29. The MR imaging apparatus of claim 19 wherein the
computer is programmed to cause transmission of the at least
one RF pulse simultaneously with the alternating slice-select
gradient.



