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MOTION-ROBUST TRANSMIT RADIO
FREQUENCY FIELD MAPPING IN
MAGNETIC RESONANCE IMAGING USING
INTERLEAVED BLOCH-SIEGERT SHIFTING

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Patent Application Ser. No. 62/384,548, filed on Sep.
7, 2016, and entitled “System and Method for Motion-
Robust Mapping of the Transmit Field in Magnetic Reso-
nance Imaging,” which is herein incorporated by reference
in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0002] This invention was made with government support
under HL111410 and EB015894 awarded by the National
Institutes of Health. The government has certain rights in the
invention.

BACKGROUND

[0003] Quantitative tissue characterization of the myocar-
dium, with its promise for prognostic and diagnostic value
in a plethora of cardiomyopathies, has generated consider-
able research interest and triggered a large number of
clinical studies. Available tools for MR-based quantitative
tissue characterization in the heart include perfusion imag-
ing, T1-mapping techniques, T2-mapping techniques, and
T2*-mapping mapping techniques, and combinations
thereof.

[0004] Many of these approaches, however, are suscep-
tible to the distribution of the radio frequency (“RF”)
transmit field (“B1+”) and the resulting excitation flip angle.
This problem is particularly severe when imaging at high
and ultra-high magnetic field strengths, due to the increased
heterogeneity of Bl+. MR-based quantification accuracy
greatly improves when correction for Bl+ is included.
Therefore, obtaining reliable absolute B1+ magnitude maps
(IB1+1) is desirable for achieving accurate quantification in
the presence of Bl+ heterogeneity.

[0005] However, quantification of the transmit B1 fields in
the heart remains challenging due to cardiac and respiratory
motion, and has received limited attention. Recent studies
explored cardiac B1+ mapping using the saturated double
angle method (“SDAM”), where IB1+| is derived from the
ratio of two images acquired at different flip angles. In
SDAM, an additional saturation preparation allows shorten-
ing of the repetition time (“TR”), as waiting for full mag-
netization recovery is no longer required.

[0006] Breath-holding is most commonly used in these
cardiac B1+ mapping methods for respiratory motion com-
pensation. However, the acquisition of two separate images
along with the use of segmented k-space readout schemes
causes high sensitivity to motion. Hence, B1+ map quality
may be critically impaired by residual motion, as commonly
observed in patients despite breath-holding, and remains a
major limiting factor for quantitative cardiac imaging.

SUMMARY OF THE DISCLOSURE

[0007] The present disclosure addresses the aforemen-
tioned drawbacks by providing a system and method for
producing a map of a transmit radio frequency (“RF”) field
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generated by an RF coil that forms a part of a magnetic
resonance imaging (“MRI”) system. Data are acquired from
a subject using an MRI system by controlling the MRI
system to perform a pulse sequence in which during each
repetition time (“TR”) period first data and second data are
acquired in a temporally interleaved manner. The first data
are acquired in a first segment of the pulse sequence by
applying a first RF excitation pulse with the RF coil,
applying a first off-resonance RF pulse with the RF coil, and
acquiring first data after the first off-resonance RF pulse is
applied by sampling k-space along a first line. The first
off-resonance RF pulse is applied after the first RF excitation
pulse and is tuned to a first off-resonance frequency to
induce a first Bloch-Siegert shift in the first data. The second
data are acquired in a second segment of the pulse sequence
by applying a second RF excitation pulse with the RF coil,
applying a second off-resonance RF pulse with the RF coil,
and acquiring second data after the second off-resonance RF
pulse is applied by sampling k-space along a second line.
The second off-resonance RF pulse is applied after the
second RF excitation pulse and is tuned to a second off-
resonance frequency that is different from the first off-
resonance frequency to induce a second Bloch-Siegert shift
in the second data. The first segment of the pulse sequence
and the second segment of the pulse sequence sample
different lines of k-space in subsequent TR periods of the
pulse sequence, such that the first data and the second data
each comprise data acquired by sampling a plurality of
different lines in k-space. A transmit RF field (B1+) map is
then reconstructed from the first data and the second data.

[0008] The foregoing and other aspects and advantages of
the present disclosure will appear from the following
description. In the description, reference is made to the
accompanying drawings that form a part hereof, and in
which there is shown by way of illustration a preferred
embodiment. This embodiment does not necessarily repre-
sent the full scope of the invention, however, and reference
is therefore made to the claims and herein for interpreting
the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1 is a flowchart setting forth the steps of an
example method for B1+ mapping using interleaved Bloch-
Siegert shifts.

[0010] FIG. 2 is a pulse sequence diagram illustrating an
example pulse sequence that can be implemented to acquire
data for Bl+ mapping using interleaved Bloch-Siegert
shifts.

[0011] FIG. 3 is a block diagram of an example magnetic
resonance imaging (“MRI”) system that can implement the
methods described in the present disclosure.

DETAILED DESCRIPTION

[0012] Described here are systems and methods for map-
ping the transmit sensitivity of one or more radio frequency
(“RF™) coils for use in magnetic resonance imaging
(“MRI”). The transmit RF field (“B1+”) for an RF coil, or
an array of RF coils, is mapped using a robust, motion-
insensitive technique that implements Bloch-Siegert shifts
performed with interleaved positive and negative off-reso-
nance shifts. The motion insensitivity of this technique
makes it particularly useful for applications where there is
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significant motion, such as cardiac imaging, in which pre-
vious B1+ mapping techniques are not as accurate or effec-
tive.

[0013] In MRI, a Bloch-Siegert shift can be generated by
applying an off-resonance RF pulse to a nuclear spin, which
shifts the resonance frequency of the nuclear spin. In some
cases, the off-resonance RF pulse can be designed to be far
enough off-resonance that the precession frequency of the
nuclear spin is shifted without experiencing excitation from
the off-resonance RF pulse. Because the Bloch-Siegert shift
is dependent on the strength of the applied B1+ field, these
shifts can be used to measure and map the B1+ sensitivity of
one or more RF coils.

[0014] Referring now to FIG. 1, a flowchart is illustrated
as setting forth the steps of an example method for gener-
ating one or more Bl+ maps using Bloch-Siegert shifts.
Particularly, positive and negative Bloch-Siegert shifts are
induced in an interleaved manner to minimize the impact of
motion between images obtained with different Bloch-Sieg-
ert shifts. In some embodiments, the Bloch-Siegert shifts are
interleaved such that alternating k-space lines in the same
acquisition experience different Bloch-Siegert shifts. In
some other embodiments, the Bloch-Siegert shifts are inter-
leaved such that the same k-space line is sampled twice in
a row: once with a positive shift and once with a negative
shift.

[0015] The method thus includes acquiring data using an
MRI system, as generally indicated at process block 102.
The data acquisition includes using a pulse sequence in
which data are acquired by sampling k-space using a Car-
tesian sampling pattern. As one example, the pulse sequence
can implement a two-dimensional spoiled gradient
(“SPGR”) imaging readout. It will be appreciated, however,
that data acquisitions with different dimensionality (e.g.,
one-dimensional, three-dimensional) can also be imple-
mented. In some instances, the data acquisition can be a
segmented data acquisition. As one example, k-space can be
sampled in a segmented fashion in which a number of lines
(e.g., 10) are acquired for each pair of Bloch-Siegert shifts.
Even with the use of a segmented acquisition, interleaving
the positive and negative off-resonance shifts for each
k-space line enables motion robustness in the B1+ mapping
procedure by significantly reducing the average delay occur-
ring between the two acquisitions. It will be appreciated that
the data acquisition techniques described in the present
disclosure can be adapted to includes accelerated data acqui-
sitions, such by using parallel imaging or simultaneous
multi-slice imaging, to facilitate multi-slice coverage.
[0016] The data acquisition thus generally includes acquir-
ing first data associated with a first Bloch-Siegert shift, as
indicated at step 104, and acquiring second data associated
with a second Bloch-Siegert shift, as indicated at step 106.
The first data are acquired following the application of a first
off-resonance RF pulse that is tuned to a first frequency, and
the second data are acquired following the application of a
second off-resonance RF pulse that is tuned to a second
frequency that is different from the first frequency. In
general, the first frequency and the second frequency are
symmetrically distributed about the resonance frequency of
the spins to be excited (e.g., the water resonance peak).
Thus, the first frequency and the second frequency can be
referred to as a positive frequency, +wyg, and a negative
frequency, —wzg. In other implementations, however, the
first frequency and the second frequency do not need to be
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symmetrically distributed about the resonance frequency of
the spins to be excited, but instead can be generally selected
where w,=w,.

[0017] As one example, the first and second off-resonance
RF pulses can be Fermi pulses; however, it will be appre-
ciated that other RF pulse types, such as adiabatic pulses
(e.g., adiabatic hyperbolic secant pulses), can also be used.
Adiabatic pulses have the added benefit of being able to
induce the Bloch-Siegert shift with increased SAR effi-
ciency, which can enable B1+ mapping at ultra-high mag-
netic field strengths (e.g., 7 T or higher).

[0018] In one non-limiting example, the off-resonance RF
pulses can be played between a slice rewinder and phase
encoding gradient lobes to induce the Bloch-Siegert phase
shift, and can have a pulse duration t5,=8.0 ms, an off-
resonance shift w,~+4.0 kHz, and a bandwidth containing
99 percent of the pulse energy of 2.1 kHz. In some imple-
mentations of this non-limiting example, the total energy of
the Fermi pulse can be chosen equivalent to that of a
rectangular pulse with a nominal flip angle of 60 degrees.
[0019] As mentioned above, the first and second data are
acquired in an interleaved manner. In some instances, the
first data and the second data can correspond to the same
k-space lines; however, in some other instances the first data
can include a first set of k-space lines and the second data
can include a second set of k-space lines that is different
from and interleaved with the first set of k-space lines.
[0020] As one example, data can be acquired using the
pulse sequence shown in FIG. 2. In general, FIG. 2 illus-
trates on repetition time (“TR”) period of the pulse
sequence, in which first data are acquired in a first segment
of the pulse sequence and second data are acquired in a
second segment of the pulse sequence.

[0021] Inthe first segment of the pulse sequence, a first RF
excitation pulse 202 is applied to excite spins. A first
off-resonance RF pulse 204 is then applied to generate a first
Bloch-Siegert shift in the excited spins. As one example, the
first off-resonance RF pulse has a frequency corresponding
to a positive Bloch-Siegert shift, +Wy,. Data are then
acquired by sampling a k-space line, as indicated at 206. The
acquired data are stored in the first set of k-space data.
[0022] In the second segment of the pulse sequence, a
second RF excitation pulse 208 is then applied to excite the
spins again. A second off-resonance RF pulse 210 is then
applied to generate a second Bloch-Siegert shift in the
excited spins. As one example, the second off-resonance RF
pulse has a frequency corresponding to a negative Bloch-
Siegert shift, -z, Data are then acquired by sampling the
same k-space line and the acquired data, as indicated at 212,
and the acquired data are stored in the second set of k-space
data. This process is then repeated for different lines in
k-space in subsequent TR periods of the pulse sequence, as
generally indicated at 214, to form the first and second sets
of k-space data. As shown in FIG. 2, the process is repeated
for ten different segments of k-space. As also shown in FIG.
2, the pulse sequence can be an ECG-gated sequence, such
that data are acquired during the same phase of the cardiac
cycle (e.g., during diastolic quiescence).

[0023] Referring again to FIG. 1, after the first and second
data are acquired, phase difference data are generated by
computing the difference between the first and second data,
as indicated at step 108. As a result of this subtraction,
undesired off-resonance effects due to inhomogeneities in
the main magnetic field, B, and chemical shifts can be
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eliminated or otherwise reduced. In the event that the first
k-space data set and the second k-space data set sample
different, but interleaved, lines of k-space, the data can be
interpolated or shifted to a similar sampling grid before
computing the difference between the first and second data.
As one example, generating the phase difference data can
include reconstructing first images from the first data, sec-
ond images from the second data, and computing a differ-
ence between the first images and the second images, such
as the difference between the phase angles of the first images
and the second images (i.e., the phase components of the
complex-valued images).

[0024] One or more B1+ maps are then generated from the
phase difference data, as indicated at step 110. The phase
shift encoded in the phase difference data is proportional to
the applied Bl+ field (i.e., proportional to the square of the
transmit RF field magnitude), and thus a B1+ map can be
generated based on this relationship. The phase shift can be
extracted from k-space data, or from images reconstructed
from k-space data. As one example, the Bl1+ map can be
generated based on the following relationship:

(D

Bl.peak = ZL;Z f
[0025] where B, ., is the peak B1+ of an RF pulse,

(55 18 the phase shift resulting from the Bloch-Siegert
shift, and K 5 is a constant that describes the phase shift
for a given off-resonance RF pulse. As an example, for
an 8 millisecond, 4 kHz off-resonance Fermi pulse,
K,~74.01 radians/gauss”.
[0026] The Bl+ maps are then stored for later use or
additional processing, as indicated at step 112. For instance,
the B1+ maps can be used to adapt or otherwise control the
generation of B1+ fields in subsequent imaging scauns, or the
B1l+ maps can be used to generate quantitative parameters
maps, such as electrical property maps.
[0027] As mentioned above, the B1+ mapping technique
described in the present disclosure is particularly useful for
mapping the B1+ field in the presence of motion, such as in
the presence of cardiac motion, respiratory motion, or both.
Thus, while quantitative B1+ mapping in cardiac MRI has
been previously challenging because of the presence of
cardiac and respiratory motion, the techniques describing in
the present disclosure allow for B1+ mapping that is robust
against acquisition-specific artifacts, while relying on stan-
dard reconstruction techniques commercially available on
most MRI systems.
[0028] As one example, the B1+ maps can be used to shim
the B1+ fields used in subsequent imaging scans. Although
1.5 T magnetic field strengths are still dominant in cardiac
MRI, high-field systems are increasingly being used for
cardiac applications. Due to dielectric effects that depend on
the Larmor frequency, transmit field inhomogeneity is sig-
nificantly increased in high and ultra-high field applications.
Cardiac imaging at ultra-high fields (e.g., 7 T and higher) has
recently been facilitated by major advances in hardware
engineering, including the availability of multi-channel
transmit systems. With these systems, B1+ shimming can be
applied to adaptively combine excitation profiles of multi
transmit channels, modes, or both, for homogenous excita-
tion profiles. Additionally, tailored RF-excitation pulses
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have been proposed to compensate for transmit field vari-
abilities. As robust B1+ mapping is a prerequisite for these
Bl+ shimming and tailored RF-excitation methods, the
methods described in the present disclosure can be used to
implement these techniques.

[0029] Additionally, the robustness of the B1+ mapping
techniques described in the present disclosure provide addi-
tional advantages to B1+ mapping at higher fields because
the Bl+ field around the heart at 7T has previously been
shown to be dependent on the breathing-state, which can
affect the B1+ shimming and calibration unless properly
accounted for.

[0030] As another example, the B1+ maps can be used for
estimating quantitative parameter maps of tissues. Spatial
variations in the flip angle have previously been reported to
hinder the identification of regional variations induced by
pathologies in cardiac MRI. Furthermore, B1+ mapping has
been identified as one of the major cofounders in various
quantitative imaging applications. The robust mapping of
the transmit field provided by the methods described in the
present disclosure, however, allows for identification of B1+
induced variations and facilitates accurate quantitative mea-
surements.

[0031] As another example, the B1+ maps can be used for
mapping electrical properties of a tissue, such as cardiac
tissue in the heart. Voxel-wise conductivity and permittivity
(i.e., admittivity) mapping can be formulated as an inverse
reconstruction problem from Bl+ maps using Maxwell’s
equations, which is described for applications in the brain
and the breast by X. Zhang, J. Liu, and B. He, in “Magnetic-
resonance-based electrical properties tomography: a
review,” IEEE Rev. Biomed. Eng., 2014; 7:87-96. Extension
of these methods to the heart has been difficult due to the
lack of efficient B1+ mapping that is robust to motion and
can be acquired in a short scan time.

[0032] Using the B1+ mapping techniques described in the
present disclosure, accurate B1+ maps can be generated for
cardiac imaging applications, even for free-breathing acqui-
sitions. To generate the admittivity maps, complex-valued
B1+ maps are generated.

[0033] The generation of admittivity properties from B1+
maps is based on solving a differential equation. However,
when the reciprocal of admittivity (i.e., impedance per
length) is considered and the equations are discretized, a
linear system of equations arises. Here, the dependent values
and the system matrix are derived from B1l+ maps, and the
unknown variables correspond to impedance per length,
which is a parameter of interest for cardiac imaging. This
approach can be implemented with a sparsity-based regu-
larization to improve B1+ map and impedance reconstruc-
tion.

[0034] Variations in the conductivity and permittivity of
tissues depend on changes in intracellular and extracellular
volume, ion concentration, and membrane permeability. At
frequencies higher than 10 kHz, cell membranes cease to act
as capacitive elements, and conductivity increases. At high-
field and ultrahigh-field frequencies, membranes expose low
impedance to wave propagation, and their conductivity is
mostly dictated by their water content. By computing elec-
trical property maps directly from B1+ maps acquired using
the methods described in the present disclosure, it is con-
templated that a direct visualization of these impedance
changes across the heart can be observed.
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[0035] Referring particularly now to FIG. 3, an example of
an MRI system 300 that can implement the methods
described here is illustrated. The MRI system 300 includes
an operator workstation 302 that may include a display 304,
one or more input devices 306 (e.g., a keyboard, a mouse),
and a processor 308. The processor 308 may include a
commercially available programmable machine running a
commercially available operating system. The operator
workstation 302 provides an operator interface that facili-
tates entering scan parameters into the MRI system 300. The
operator workstation 302 may be coupled to different serv-
ers, including, for example, a pulse sequence server 310, a
data acquisition server 312, a data processing server 314,
and a data store server 316. The operator workstation 302
and the servers 310, 312, 314, and 316 may be connected via
a communication system 340, which may include wired or
wireless network connections.

[0036] The pulse sequence server 310 functions in
response to instructions provided by the operator worksta-
tion 302 to operate a gradient system 318 and a radiofre-
quency (“RF”) system 320. Gradient waveforms for per-
forming a prescribed scan are produced and applied to the
gradient system 318, which then excites gradient coils in an
assembly 322 to produce the magnetic field gradients G, G,,
and G, that are used for spatially encoding magnetic reso-
nance signals. The gradient coil assembly 322 forms part of
a magnet assembly 324 that includes a polarizing magnet
326 and a whole-body RF coil 328.

[0037] RF waveforms are applied by the RF system 320 to
the RF coil 328, or a separate local coil to perform the
prescribed magnetic resonance pulse sequence. Responsive
magnetic resonance signals detected by the RF coil 328, or
a separate local coil, are received by the RF system 320. The
responsive magnetic resonance signals may be amplified,
demodulated, filtered, and digitized under direction of com-
mands produced by the pulse sequence server 310. The RF
system 320 includes an RF transmitter for producing a wide
variety of RF pulses used in MRI pulse sequences. The RF
transmitter is responsive to the prescribed scan and direction
from the pulse sequence server 310 to produce RF pulses of
the desired frequency, phase, and pulse amplitude wave-
form. The generated RF pulses may be applied to the
whole-body RF coil 328 or to one or more local coils or coil
arrays.

[0038] The RF system 320 also includes one or more RF
receiver channels. An RF receiver channel includes an RF
preamplifier that amplifies the magnetic resonance signal
received by the coil 328 to which it is connected, and a
detector that detects and digitizes the I and Q quadrature
components of the received magnetic resonance signal. The
magnitude of the received magnetic resonance signal may,
therefore, be determined at a sampled point by the square
root of the sum of the squares of the I and Q components:

M=V P+@? (2);

[0039] and the phase of the received magnetic reso-
nance signal may also be determined according to the
following relationship:

—1(Q) 3
¢ =tan Tr
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[0040] The pulse sequence server 310 may receive patient
data from a physiological acquisition controller 330. By way
of example, the physiological acquisition controller 330 may
receive signals from a number of different sensors connected
to the patient, including electrocardiograph (“ECG”) signals
from electrodes, or respiratory signals from a respiratory
bellows or other respiratory monitoring devices. These sig-
nals may be used by the pulse sequence server 310 to
synchronize, or “gate,” the performance of the scan with the
subject’s heart beat or respiration.

[0041] The pulse sequence server 310 may also connect to
a scan room interface circuit 332 that receives signals from
various sensors associated with the condition of the patient
and the magnet system. Through the scan room interface
circuit 332, a patient positioning system 334 can receive
commands to move the patient to desired positions during
the scan.

[0042] The digitized magnetic resonance signal samples
produced by the RF system 320 are received by the data
acquisition server 312. The data acquisition server 312
operates in response to instructions downloaded from the
operator workstation 302 to receive the real-time magnetic
resonance data and provide buffer storage, so that data is not
lost by data overrun. In some scans, the data acquisition
server 312 passes the acquired magnetic resonance data to
the data processor server 314. In scans that require infor-
mation derived from acquired magnetic resonance data to
control the further performance of the scan, the data acqui-
sition server 312 may be programmed to produce such
information and convey it to the pulse sequence server 310.
For example, during pre-scans, magnetic resonance data
may be acquired and used to calibrate the pulse sequence
performed by the pulse sequence server 310. As another
example, navigator signals may be acquired and used to
adjust the operating parameters of the RF system 320 or the
gradient system 318, or to control the view order in which
k-space is sampled. In still another example, the data acqui-
sition server 312 may also process magnetic resonance
signals used to detect the arrival of a contrast agent in a
magnetic resonance angiography (“MRA”) scan. For
example, the data acquisition server 312 may acquire mag-
netic resonance data and processes it in real-time to produce
information that is used to control the scan.

[0043] The data processing server 314 receives magnetic
resonance data from the data acquisition server 312 and
processes the magnetic resonance data in accordance with
instructions provided by the operator workstation 302. Such
processing may include, for example, reconstructing two-
dimensional or three-dimensional images by performing a
Fourier transformation of raw k-space data, performing
other image reconstruction algorithms (e.g., iterative or
backprojection reconstruction algorithms), applying filters
to raw k-space data or to reconstructed images, generating
functional magnetic resonance images, or calculating
motion or flow images.

[0044] Images reconstructed by the data processing server
314 are conveyed back to the operator workstation 302 for
storage. Real-time images may be stored in a data base
memory cache, from which they may be output to operator
display 302 or a display 336. Batch mode images or selected
real time images may be stored in a host database on disc
storage 338. When such images have been reconstructed and
transferred to storage, the data processing server 314 may
notify the data store server 316 on the operator workstation
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302. The operator workstation 302 may be used by an
operator to archive the images, produce films, or send the
images via a network to other facilities.

[0045] The MRI system 300 may also include one or more
networked workstations 342. For example, a networked
workstation 342 may include a display 344, one or more
input devices 346 (e.g., a keyboard, a mouse), and a pro-
cessor 348. The networked workstation 342 may be located
within the same facility as the operator workstation 302, or
in a different facility, such as a different healthcare institu-
tion or clinic.

[0046] The networked workstation 342 may gain remote
access to the data processing server 314 or data store server
316 via the communication system 340. Accordingly, mul-
tiple networked workstations 342 may have access to the
data processing server 314 and the data store server 316. In
this manner, magnetic resonance data, reconstructed images,
or other data may be exchanged between the data processing
server 314 or the data store server 316 and the networked
workstations 342, such that the data or images may be
remotely processed by a networked workstation 342.
[0047] The present disclosure has described one or more
preferred embodiments, and it should be appreciated that
many equivalents, alternatives, variations, and modifica-
tions, aside from those expressly stated, are possible and
within the scope of the invention.

1. A method for producing a map of a transmit radio
frequency (RF) field generated by an RF coil that forms a
part of a magnetic resonance imaging (MRI) system, the
steps of the method comprising:

acquiring data from a subject using an MRI system by

controlling the MRI system to perform a pulse
sequence in which during each repetition time (TR)
period first data and second data are acquired in a
temporally interleaved manner by,
acquiring the first data in a first segment of the pulse
sequence by:
applying a first RF excitation pulse with an RF coil;
applying a first off-resonance RF pulse with the RF
coil after applying the first RF excitation pulse,
wherein the first off-resonance RF pulse is tuned
to a first off-resonance frequency to induce a first
Bloch-Siegert shift in the first data;
acquiring the first data after the first off-resonance
RF pulse is applied by sampling k-space along a
first line;
acquiring the second data in a second segment of the
pulse sequence by:
applying a second RF excitation pulse with the RF
coil;
applying a second off-resonance RF pulse with the
RF coil after applying the second RF excitation
pulse, wherein the second off-resonance RF pulse
is tuned to a second off-resonance frequency that
is different from the first off-resonance frequency
to induce a second Bloch-Siegert shift in the
second data;
acquiring the second data after the second off-reso-
nance RF pulse is applied by sampling k-space
along a second line;
wherein the first segment of the pulse sequence and the
second segment of the pulse sequence sample dif-
ferent lines of k-space in subsequent TR periods of
the pulse sequence such that the first data and the
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second data each comprise data acquired by sam-
pling a plurality of different lines in k-space; and
reconstructing a transmit RF field (B1+) map from the
first data and the second data.

2. The method as recited in claim 1, wherein the first line
and the second line sample a same line of k-space in each TR
period.

3. The method as recited in claim 1, wherein the first line
and the second line sample different adjacent lines of
k-space in each TR period.

4. The method as recited in claim 1, wherein reconstruct-
ing the B1+ map comprises generating phase difference data
by computing a difference between the first data and the
second data, and reconstructing the B1+ map from the phase
difference data.

5. The method as recited in claim 1, wherein the first
off-resonance frequency and the second off-resonance fre-
quency are symmetrically distributed about a resonance
frequency to which the first RF excitation pulse and the
second RF excitation pulse are tuned.

6. The method as recited in claim 1, wherein the first data
and the second data are acquired using a two-dimensional
data acquisition.

7. The method as recited in claim 1, wherein the first
off-resonance RF pulse and the second off-resonance RF
pulse are Fermi pulses.

8. The method as recited in claim 1, wherein the first
off-resonance RF pulse and the second off-resonance RF
pulse are adiabatic RF pulses.

9. The method as recited in claim 1, wherein the pulse
sequence is an electrocardiograph (ECG) triggered pulse
sequence such that subsequent repetitions of the TR period
occur during a same phase of a cardiac cycle.

10. The method as recited in claim 1, wherein the RF coil
comprises an array of RF coil elements, and the pulse
sequence is repeated to acquire first data and second data for
each RF coil element in the array of RF coil elements, and
wherein a Bl+ map is reconstructed for each RF coil
element in the array of RF coil elements from the respective
first data and second data.

11. The method as recited in claim 1, further comprising
calculating B1+ shim parameters for the RF coil using the
reconstructed B1+ map.

12. The method as recited in claim 1, further comprising
calculating a quantitative parameter of a tissue in the subject
using the B1+ map.

13. The method as recited in claim 12, wherein the
quantitative parameter is an electrical property of the tissue.

14. The method as recited in claim 13, wherein the
electrical property is an admittivity of the tissue.

15. The method as recited in claim 14, wherein the tissue
is cardiac tissue.

16. A magnetic resonance imaging (MRI) system, com-
prising:

a magnet system configured to generate a polarizing
magnetic field about at least a portion of a subject
arranged in the MRI system;

a plurality of gradient coils configured to apply at least
one gradient field to the polarizing magnetic field;

a radio frequency (RF) system including an RF coil to
apply an RF field to the subject and to acquire magnetic
data therefrom;
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a computer system programmed to:
acquire data from a subject by controlling the plurality
of gradient coils and the RF system to perform a
pulse sequence in which during each repetition time
(TR) period first data and second data are acquired in
a temporally interleaved manner by,
acquiring the first data in a first segment of the pulse
sequence by:
applying a first RF excitation pulse with an RF
coil;
applying a first off-resonance RF pulse with the
RF coil after applying the first RF excitation
pulse, wherein the first off-resonance RF pulse
is tuned to a first off-resonance frequency to
induce a first Bloch-Siegert shift in the first
data;
acquiring the first data after the first off-resonance
RF pulse is applied by sampling k-space along
a first line;
acquiring the second data in a second segment of the
pulse sequence by:
applying a second RF excitation pulse with the RF
coil;
applying a second off-resonance RF pulse with the
RF coil after applying the second RF excitation
pulse, wherein the second off-resonance RF
pulse is tuned to a second off-resonance fre-
quency that is different from the first off-reso-
nance frequency to induce a second Bloch-
Siegert shift in the second data;
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acquiring the second data after the second off-
resonance RF pulse is applied by sampling
k-space along a second line;
wherein the first segment of the pulse sequence and
the second segment of the pulse sequence sample
different lines of k-space in subsequent TR periods
of the pulse sequence such that the first data and
the second data each comprise data acquired by
sampling a plurality of different lines in k-space;
and

reconstruct a transmit RF field (B1+) map from the first

data and the second data.

17. The MRI system as recited in claim 16, wherein the
first line and the second line sample a same line of k-space
in each TR period.

18. The MRI system as recited in claim 16, wherein the
first line and the second line sample different adjacent lines
of k-space in each TR period.

19. The MRI system as recited in claim 16, wherein the
computer system is programmed to reconstruct the B1+ map
by generating phase difference data by computing a differ-
ence between the first data and the second data, and recon-
structing the B1+ map from the phase difference data.

20. The MRI system as recited in claim 16, wherein the
first off-resonance frequency and the second off-resonance
frequency are symmetrically distributed about a resonance
frequency to which the first RF excitation pulse and the
second RF excitation pulse are tuned.
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