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(57) Abstract: A method for measuring transverse relaxation rate, R", corrected for the presence of
macroscopic magnetic field inhomogeneities with a magnetic resonance imaging (MRI) system is
provided. The method accounts for additional signal decay that occurs as a result of macroscopic vari-
ations in the main magnetic field, B,, of the MRI system, and also mitigates susceptibility-based errors
and introduction of increased noise in the R*, measurements. Image data are acquired by sampling mul-
tiple different echo signals occurring at respectively different echo times. A B, field inhomogeneity map
is estimated by fitting the acquired image data to an initial signal model. Using the estimated field map,
4 a revised signal model that accounts for signal from multiple different chemical species and for signal
decay resulting from macroscopic variations in the B, field is formed. Corrected R, values for the dif-
ferent chemical species are then estimated by fitting the acquired image data to the revised signal mod-
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METHOD FOR R*2 QUANTIFICATION WITH MRI USING CORRECTION
FOR MACROSCOPIC MAGNETIC FIELD INHOMOGENEITIES

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH
[0001] This invention was made with government support under DK083380
awarded by the National Institutes of Health. The government has certain rights in the

invention.

BACKGROUND OF THE INVENTION
[0002] The field of the invention is systems and methods for magnetic resonance
imaging (“MRI”). More particularly, the invention relates to systems and methods for

separating signal contributions from two or more chemical species using MRI.
[0003] Mapping of effective transverse relaxation rate, R; , relaxivity has

important applications in MRI, including blood oxygenation level dependent (“BOLD”)

functional imaging; detection and tracking of superparamagnetic iron oxides (“SP10s”);
and assessment of iron content in brain, heart, pancreas, and liver. R; maps can be

obtained from relatively rapid data acquisitions, such as gradient echo, or spoiled
gradient (“SPGR”) based multi-echo imaging, which is advantageous for body imaging

applications where motion is an issue.
[0004] Measurements of R; are affected by several confounding factors. For

example, the presence of fat, such as triglycerides, in the tissue under examination

introduces additional modulation in the acquired signal, and can lead to severe bias in
R; measurements. Furthermore, the presence of macroscopic B, field variations
introduces additional intravoxel dephasing in the acquired signal, which can lead to
severe overestimation of R;, particularly in regions with rapid B, gradients, such as
near tissue-air interfaces, or other areas with locally sharp changes in magnetic

susceptibility. These confounding factors generally make R; maps dependent on the

data acquisition parameters. For instance, in the presence of fat, apparent R; maps
estimated without accounting for fat will heavily depend on the choice of echo times. In
the presence of macroscopic field variations, the apparent R; maps will also depend on

the spatial resolution, particularly the largest dimension, which is usually the slice

thickness.
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[0005] Errors arising from the presence of fat are typically addressed by
acquiring in-phase echoes. This approach largely addresses the effects of fat, although it
does have several drawbacks. First, not all fat peaks are in phase with the water peak,

just the main methylene peak; and second, the technique forces relatively large echo
spacings, which may not be optimal for measuring large R; values, such as in the
presence of iron overload. Alternative techniques, such as spectrally selective fat
suppression, or those that use spatial-spectral pulses, are sensitive to B, field

inhomogeneities that can be important in many applications, such as liver or heart

imaging. Other techniques, such as short-tau inversion recovery (“STIR”) fat nulling, are
effective and can be made insensitive to B, and B, inhomogeneities, but require the

introduction of additional inversion pulses that result in a significant signal-to-noise
ratio (“SNR”) loss, and has a tremendous impact on sequence efficiency, typically
requiring an inversion time of 160-200 milliseconds every repetition time.

[0006] Methods for correcting macroscopic field inhomogeneities typically focus
on the through-slice field variation, and often assume locally linear variations. These
methods can be classified into two general categories: those that modify the acquisition
to minimize field variation effects in the data, and those that correct the data by
postprocessing.

[0007] Methods based on acquisitions modified to minimize field variation
effects in the acquired data typically use several images obtained with higher resolution
along the largest direction, which are subsequently magnitude-combined in order to
prevent dephasing for increasing echo times. In one such method, two acquisitions are
performed with different “mis-adjustments” of the refocusing part of the slice selection
gradient. These images are subsequently combined in order to mitigate the dephasing
due to macroscopic field variation. In another such method, a technique termed multi-
gradient echo with magnetic susceptibility inhomogeneity compensation (“MGESIC”) is
developed, where the slice refocusing gradient is varied between even and odd echoes.
This method allows for faster acquisition with a single echo train. In yet another such
method, a multiple-gradient-echo sequence is provided for mitigating the effects of
background field gradients along the slice direction. This method is based on combining
three successive gradient-echo images acquired with different slice refocusing

gradients.
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[0008] Methods based on correcting for macroscopic field variations by
postprocessing are typically based on a multi-slice two-dimensional gradient-echo

acquisition with a relatively large number of echoes. In one such method, the effects of
the through-slice field gradient, Gb, are modeled by introducing an additional decay in

the gradient-echo signals given by:
: G, TEZ,
[0009] sinc (%] (1);

[0010] where ¥ is a gyromagnetic ratio, TE is an echo time, and Zz; is slice

thickness. The unknown parameter, GZ, is then fitted from the acquired multi-echo
magnitude signal in an iterative procedure that alternates between updating the
estimates for GZ and those for the signal amplitude, p,,, and for R;. Rather than

including the additional decay term in the signal model and fitting the data with the
“complete” model, this method removes the additional decay and then fits the standard
model to the corrected signal. This approach may be acceptable in the absence of noise,
but it will alter the statistics of the noise so that a least-squares fitting is no longer
accurate, which will be particularly relevant in cases of iron overload, where signal
decays fast and later echoes contain mostly noise. Thus, while this approach shows
good correction of background field gradients, it is limited in regions of very rapid, or

in-plane, field variations. This approach is also limited because it results in significant
noise amplification due to the need to estimate GG_ from the magnitude data. Such noise

amplification occurs with short data acquisitions like those typically performed for
chemical-shift-based methods, such as iterative decomposition of water and fat with
echo asymmetry and least-squares estimation (“IDEAL”).

[0011] In another postprocessing method, a high-resolution three-dimensional
scan is used to estimate the B, field map and to correct a lower resolution two-
dimensional multi-slice, multi-echo acquisition. This method allows for accurate

modeling of the background field gradients, but requires additional data acquisition.
[0012] In yet another postprocessing method, a multi-slice method for R;

mapping is used. The method uses long echo trains with “in-phase” echoes. The

background field variation is considered in the slice direction only, and is fitted
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similarly to the method described above, but the value of GZ is initialized from an

estimated field map, which is in turn obtained by linearly fitting the unwrapped phase
of the acquired signal at each voxel. This method also attempts to remove the additional

decay from the signal, and the corrected signal is fitted with a decaying exponential to
obtain R;. Again, this approach leads to significant distortions in the noise statistics,

particularly in points where the value of the additional sinc-based decay term

approaches zero. Acquiring only in-phase echoes forces the echoes to be spaced widely,
resulting in poor ability to measure R; in the presence of high iron concentrations.

[0013] In yet another postprocessing method, a technique is introduced for
correcting quadratic, instead of just linear, background field variations in the through-
slice direction. The acquisition used is a modified echo-planar imaging (“EPI"”) sequence

without the blipped gradients, with a large number of echoes, and with low spatial
resolution. An initial B, field map is obtained from an additional higher-resolution

three-dimensional gradient-echo acquisition, which is repeated twice with different

echo times. This initial field map is then used for the fitting to estimate the linear and
quadratic coefficients of the B field variation.
[0014] In light of the foregoing approaches to minimizing the ill effects that fat

tissue and macroscopic B, field variations have on quantification of R; measurements,
it would be advantageous to provide a method for R; quantification that accounts for

macroscopic B, field variations-related signal decays, mitigates susceptibility-related
errors, requires only a single data acquisition, and mitigates SNR losses. Moreover, it

would be advantageous to provide such a method that is independent of the data

acquisition parameters and specific MRI system hardware.

SUMMARY OF THE INVENTION

[0015] The present invention overcomes the aforementioned drawbacks by
providing a method for measuring transverse relaxation rate, R;, in a subject with a

magnetic resonance imaging (“MRI”) system, in which signal decays that occur as a
result of macroscopic variations in the main magnetic field of the MRI system are
incorporated into a chemical-shift based signal model. Such a model also provides for

the mitigation of susceptibility-based errors and allows better signal-to-noise ratio
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(“SNR”) performance compared to previous methods for R; measurement.

[0016] It is an aspect of the invention to provide a method for measuring
transverse relaxation rate, in which image data are acquired with an MRI system by
sampling a plurality of different echo signals occurring at a respective plurality of
different echo times. For each of the plurality of different echo signals, a signal model
that accounts for relative signal components for each of a plurality of different chemical
species is formed or otherwise provided. Magnetic field inhomogeneity values
associated with the MRI system are then estimated by fitting the acquired image data to
the formed signal models. Then, for each of the plurality of different echo signals, a
revised model is formed using the estimated magnetic field inhomogeneity values. The
revised signal model accounts for relative signal components for each of the plurality of
different chemical species and for signal decay resulting from macroscopic variations in
a main magnetic field of the MRI system. Transverse relaxation rate values for at least
one of the plurality of different chemical species are then estimated by fitting the
acquired image data to the revised signal models.

[0017] The foregoing and other aspects and advantages of the invention will
appear from the following description. In the description, reference is made to the
accompanying drawings, which form a part hereof, and in which there is shown by way
of illustration a preferred embodiment of the invention. Such embodiment does not
necessarily represent the full scope of the invention, however, and reference is made

therefore to the claims and herein for interpreting the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] FIG. 1 is a block diagram of an exemplary magnetic resonance imaging
(“MRI") system that employs the present invention;

[0019] FIG. 2 is a graphic representation of an exemplary spoiled gradient
recalled echo (“SPGR”) pulse sequence for directing the MRI system of FIG. 1 to acquire
image data in accordance with embodiments of the present invention;

[0020] FIG. 3 is a flowchart setting forth the steps of an exemplary method for
measuring R; and producing an R; map, in accordance with embodiments of the

invention.

DETAILED DESCRIPTION OF THE INVENTION
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[0021] A method for R; mapping in the presence of fat and macroscopic field

variations is provided. The provided method is based on a chemical shift-encoded data

acquisition with short echo spacings, which allows simultaneous water-fat signal

separation and R; estimation. Because the data acquisition can also be used to

estimate a Bo field map, the Bo field is measured. Using the measured Bo field, the R;
estimates are corrected for the effects of macroscopic field variations. This allows the
measurement of R; that is independent of the acquisition parameters and, therefore,

independent of the MRI scanner hardware. In one embodiment,

[0022] The signal model for a combined water-fat signal for N echoes acquired
at echo times, f_, in which multiple spectral peaks are accounted for in the fat signal,

y Yo

may be expressed as:
[0023] s, =(py + ppe, )e et (2);
[0024] where 0, and P, are the water and fat signal amplitudes, respectively;

t, is the echo time for the n™ acquired echo signal, with n=1,...,N; R; is the
transverse relaxation rate as affected by magnetic field inhomogeneities, which is equal

to R;ZI/T; ; fB is the local frequency offset (in Hertz) due to B, field

inhomogeneities; and ¢ is a fat signal model that includes multiple spectral peaks, as

described, for example, by H. Yu, et al, in “Multiecho Water-Fat Separation and

Simultaneous R2* Estimation with Multifrequency Fat Spectrum Modeling,” Magnetic
Resonance in Medicine, 2008; 60(5):1122-1134. The frequency offset, fB, due to Bo

field inhomogeneities can be expressed as:

fB:&

[0025] (3);
2
[0026] where ¥ is the gyromagnetic ratio, and AB, is a variation in the B, field.
The fat signal model, ¢, is given by:
M .
[0027] cp =, (4);
m=1

[0028] where fm is the m" frequency value for the M spectral peaks in the fat
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signal model, and &, is the m™ relative spectral peak amplitude value for the A/
spectral peaks in the fat signal model. The spectral frequencies, fm, of the fat signal are
known, as are the relative peak amplitudes, &, for those spectral peaks. If the relative

peak amplitudes, &, , are not know, they can be determined using an auto-calibration
technique, such as the one described in U.S. Patent No. 7,924,003, which is herein
incorporated by reference in its entirety. The relative peak amplitudes, &, , are subject

to the following relationship:

M

[0029] D e| =1 (5).
m=1

[0030] The signal model in Egn. (2) may be modified to account for additional

signal decay, h(tn ), arising from macroscopic variations in the main magnetic field, B,

within each voxel location as:

[0031] s, =( 0y + ppe, e e s p (1) (6).
[0032] The signal decay, 4 (tn ), resulting from macroscopic variations in the B,
field is given by:

[0033] h(t,) = j SRF ()™ dr 7);
[0034] where SRF(I’) is the spatial response function, g, is a linear variation

in the main magnetic field, BO, over the voxel. The spatial response function, SRF(I’),

can be approximated by a rect(---) function in the slice-encoding direction for two-
dimensional acquisitions; therefore, in these instances, the through-slice decay is

predominantly a sinc(---) function. For three-dimensional acquisitions, the spatial

response function, SRF(I’), can be approximated by a sinc(---) function. In these
three-dimensional acquisitions, the signal decay can be approximated numerically by
integrating over the main lobe of the sinc(---) function. In general, the spatial
response function can be modified to reflect the profile of the voxel in general.

[0035] The additional signal decay, 4 (tn ), is generally non-exponential and is an
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additional confounding factor that has been previously unaccounted for when

measuring R;. Typically, the effects of the h(tn) signal decay result in an

. . *
overestimation of Rz.

[0036] Frequently in MR acquisitions, the spatial resolution is significantly
coarser along one dimension, such as the through-slice direction, compared with the
remaining two, in-plane, dimensions. In this case, the signal model in Eqn. (6) can be

simplified as:
[0037] s, =I(pW +,0FcF)e_R;l”eiz”fB’”SRF(z—zo)dz (8);

[0038] where z is the through-plane direction, and Zz; is the center of a voxel in

the z-direction. For two-dimensional acquisitions with an ideal slice profile, negligible

in-plane field variation, and linear through-plane field variation,

[0039] AB,=AB,(z,) +G(z—z,) (9);
[0040] and, thus, Egn. (8) may be expressed as:
. 1_2”[7(ABO(202)+G(2—20))}n

[0041] s, =I(pW +ppcp)e e g SP(z—zy)dz (10);
[0042] which can be approximated as:

_RY i z . GAZt
[0043] 5, = (py + pocy )& e i gine| LN (11);

2r

[0044] where SP(Z - ZO) is the slice profile for a voxel centered at Z,,
ful(zy) = (QABO (z, )/27[), and Az =z — z, is the slice thickness.
[0045] The signal model in Eqn. (11) shows that, in the presence of macroscopic

B, field variations, the signal decay is further modulated by a sinc function, which

introduces faster additional signal decay for larger B, field gradients. In such an

instance, it may be beneficial to assume that water, fat, and R; are uniform across the
slice thickness, which, in general, is a good approximation when the image slices are
thin.

[0046] For two-dimensional acquisitions, knowledge of the gradient, G, can be

included in the signal model to correct for background field variations that results in
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errors in R; estimation. Also, it is noted that with the signal model in Eqn. (10), non-

uniform slice profiles can be accounted for. In general, such non-uniform slice profiles
will not result in sinc modulation of the acquired signal, but given the slice profile the

signal modulation can be derived using, for example, numerical integration.
[0047] In order to solve for the unknown parameters (,OW,,OF,ABO,R;) in the
signal models presented in Eqns. (6), (8), (10), or (11), the signal models can be

discretized. Without a loss of generality, an example of discretizing Eqn. (8) for the

three-dimensional case in terms of spatial basis functions is given by:

[0048] s,=[A4-B-SRF(z—z,)dz (12);
[0049] where:
[0050] A=Zw(z—qu)(pW(qu)+pF(qu)cF (tn)) (13);
q
[0051] and:
> w(z-ubz) 127 fp(uhz)-Ry(utz) s,
[0052] B=e" (14).
[0053] In Eqns. (13) and (14), W(Z) are basis functions, such as triangular basis

functions. The spatial response function, SRF(Z), may be approximated by its main
lobe, or by one or more modes in the function. Note that in Eqns. (12)-(14), the only
unknowns are Oy, Py, fB, and R; at a discrete set of locations. Therefore, the

estimation problem can be posed as a least-squares fitting, where the parameters that
best fit the acquired data according to Eqns. (12)-(14) is sought. This optimization
problem can be solved iteratively using, for example, a gradient-based descent
algorithm. Note that, even though the problem is non-convex and will generally contain

multiple local minimizers, a good initial guess is typically available from a first fitting
using standard R; -corrected fat-water reconstruction algorithms.

[0054] Referring particularly now to Fig. 1, an exemplary MRI system 100 for use
when practicing embodiments of the provided method is illustrated. The MRI system
100 includes a workstation 102 having a display 104 and a keyboard 106. The
workstation 102 includes a processor 108, such as a commercially available

programmable machine running a commercially available operating system. The
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workstation 102 provides the operator interface that enables scan prescriptions to be
entered into the MRI system 100. The workstation 102 is coupled to four servers: a
pulse sequence server 110; a data acquisition server 112; a data processing server 114,
and a data store server 116. The workstation 102 and each server 110, 112, 114 and
116 are connected to communicate with each other.

[0055] The pulse sequence server 110 functions in response to instructions
downloaded from the workstation 102 to operate a gradient system 118 and a
radiofrequency (“RF”) system 120. Gradient waveforms necessary to perform the

prescribed scan are produced and applied to the gradient system 118, which excites

gradient coils in an assembly 122 to produce the magnetic field gradients Gx, Gy, and

GZ used for position encoding MR signals. The gradient coil assembly 122 forms part of

a magnet assembly 124 that includes a polarizing magnet 126 and a whole-body RF coil
128.

[0056] RF excitation waveforms are applied to the RF coil 128, or a separate local
coil (not shown in Fig. 1), by the RF system 120 to perform the prescribed magnetic
resonance pulse sequence. Responsive MR signals detected by the RF coil 128, or a
separate local coil (not shown in Fig. 1), are received by the RF system 120, amplified,
demodulated, filtered, and digitized under direction of commands produced by the
pulse sequence server 110. The RF system 120 includes an RF transmitter for
producing a wide variety of RF pulses used in MR pulse sequences. The RF transmitter
is responsive to the scan prescription and direction from the pulse sequence server 110
to produce RF pulses of the desired frequency, phase, and pulse amplitude waveform.
The generated RF pulses may be applied to the whole body RF coil 128 or to one or
more local coils or coil arrays (not shown in Fig. 1).

[0057] The RF system 120 also includes one or more RF receiver channels. Each
RF receiver channel includes an RF amplifier that amplifies the MR signal received by
the coil 128 to which it is connected, and a detector that detects and digitizes the / and

QO quadrature components of the received MR signal. The magnitude of the received

MR signal may thus be determined at any sampled point by the square root of the sum

of the squares of the / and  components:

[0058] M =I* + (15);
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[0059] and the phase of the received MR signal may also be determined:
[0060] @=tan"’ (%) (16).
[0061] The pulse sequence server 110 also optionally receives patient data from

a physiological acquisition controller 130. The controller 130 receives signals from a
number of different sensors connected to the patient, such as electrocardiograph
(“ECG") signals from electrodes, or respiratory signals from a bellows or other
respiratory monitoring device. Such signals are typically used by the pulse sequence
server 110 to synchronize, or “gate,” the performance of the scan with the subject’s
heart beat or respiration.

[0062] The pulse sequence server 110 also connects to a scan room interface
circuit 132 that 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
132 that a patient positioning system 134 receives commands to move the patient to
desired positions during the scan.

[0063] The digitized MR signal samples produced by the RF system 120 are
received by the data acquisition server 112. The data acquisition server 112 operates in
response to instructions downloaded from the workstation 102 to receive the real-time
MR data and provide buffer storage, such that no data is lost by data overrun. In some
scans, the data acquisition server 112 does little more than pass the acquired MR data
to the data processor server 114. However, in scans that require information derived
from acquired MR data to control the further performance of the scan, the data
acquisition server 112 is programmed to produce such information and convey it to the
pulse sequence server 110. For example, during prescans, MR data is acquired and used
to calibrate the pulse sequence performed by the pulse sequence server 110.

[0064] The data processing server 114 receives MR data from the data
acquisition server 112 and processes it in accordance with instructions downloaded
from the workstation 102. Such processing may include, for example: Fourier
transformation of raw k-space MR data to produce two or three-dimensional images;
the application of filters to a reconstructed image; the performance of a backprojection
image reconstruction of acquired MR data; the generation of functional MR images; and
the calculation of motion or flow images.

[0065] Images reconstructed by the data processing server 114 are conveyed
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back to the workstation 102 where they are stored. Real-time images are stored in a
data base memory cache (not shown in Fig. 1), from which they may be output to
operator display 112 or a display 136 that is located near the magnet assembly 124 for
use by attending physicians. Batch mode images or selected real time images are stored
in a host database on disc storage 138. When such images have been reconstructed and
transferred to storage, the data processing server 114 notifies the data store server 116
on the workstation 102. The workstation 102 may be used by an operator to archive
the images, produce films, or send the images via a network to other facilities.

[0066] An exemplary pulse sequence employed to direct the MRI system to
acquire image data in accordance with embodiments the present invention is illustrated
in FIG. 2. Such an exemplary pulse sequence is commonly referred to as a spoiled
gradient recalled echo (“SPGR”) pulse sequence. It will be appreciated, however, that a
variety of different pulse sequences can be employed, including fast spin echo (“FSE”)
sequences, gradient-recalled echo (“GRE”) sequences, steady-state free precession
(“SSFP”) sequences, echo-planar imaging (“EP1”) sequences, spiral imaging sequences,
and radial imaging sequences.

[0067] The exemplary SPGR pulse sequence includes a spatially selective radio
frequency (“RF”) excitation pulse 202 that is repeated at the start of each repetition
time (“TR”) period. Moreover, the RF excitation pulse 202 is played out in the presence
of a slice-selective gradient 204 in order to produce transverse magnetization in a
prescribed imaging slice. The slice-selective gradient 204 includes a rephasing lobe 206
that acts to rephase unwanted phase accruals caused by the RF excitation pulse 202.
Following excitation of the nuclear spins in the prescribed imaging slice, a phase
encoding gradient 208 is applied to spatially encode a nuclear magnetic resonance
signal, representative of a gradient-recalled echo 210, along one direction in the
prescribed imaging slice. A readout gradient 212 is also applied after a dephasing
gradient lobe 214 to spatially encode the signal representative of echo 210 along a
second, orthogonal direction in the prescribed imaging slice. The signal representative
of echo 210 is sampled during a data acquisition window.

[0068] A rewinder gradient 216 is played out along the phase-select gradient axis
in order to rephase remaining transverse magnetization in preparation for subsequent
repetitions of the pulse sequence. As is well known in the art, the pulse sequence is

repeated and the amplitude of the phase-encoding gradient 206 and the rewinder
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gradient216, which is equal in amplitude and area, but opposite in polarity with respect
to the phase-encoding gradient 206, are stepped through a set of values such that k-
space is sampled in a prescribed manner. The pulse sequence concludes with the
application of a spoiler gradient 218 that spoils the remaining transverse
magnetization.

[0069] As will be explained in more detail below, image data is acquired a
plurality of times from each prescribed imaging slice, and the echo time (“TE”) is
incremented during successive repetitions such that N sets of image data
corresponding to N different echo times are acquired for each prescribed imaging
slice. Alternatively, the N sets of image data can be acquired at N different echo times
within the same TR period. Furthermore, the N sets of image data can be acquired at
multiple TRs, each collecting a subset of image data. By way of example, the successive
echo times are incremented by 1.6 milliseconds during each successive repetition of the
pulse sequence. It is noted that any number of multiple echoes can be acquired when
practicing the present invention, including only two echoes, in which so-called “2-point
Dixon methods” can be employed. In general the more echoes that are acquired, the
more reliable the method will be, although, with the tradeoff of increased scan time. For
example, as the number of echoes acquired is increased, the spectral differences
between species become more “observable.” Additional echoes may be acquired with
low spatial resolution in order to minimize additional scan time requirements.

[0070] The pulse sequence employed to direct the MRI system to acquire data
can be adapted to include magnetization preparation pulses in order to manipulate the
spectra of the species being imaged. For example, non-selective or spectrally selective
magnetization preparation pulses can be utilized, such as inversion recovery pulses, 7, -
prep pulses, fat-sat pulses, and magnetization transfer pulses. SSFP pulse sequences
can also be implemented to alter the characteristics of specific spectral peaks. In this
manner, a particular spectrum can be made more “unique” and easier to separate. For
example, if different peaks of fat are placed in different spectral pass bands of an SSFP-
based acquisition, the change in phase between pass bands will alter the sign, positive
or negative, of specific spectral peaks. This behavior can be exploited to improve the

robustness of the separation. Other preparation methods include 7)-prep methods;

magnetization transfer methods; methods that facilitate J-coupling; methods that
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exploit differences in 7] or T, between species, or between peaks within a specific

species; velocity encoding; and any such methods that change the appearance of the
spectrum of a particular species.

[0071] Referring now to FIG. 3, an flowchart setting forth the steps of an
exemplary method for quantitatively measuring R; using an MRI system is illustrated.

As indicated at step 302, the method begins with the acquisition of image data using, for
example, the pulse sequence described above with respect to FIG. 2. An initial signal
model is formed, as indicated at step 304. For example, the signal model in Eqn. (2) is

formed. The acquired image data is fitted to the initial model in order to provide an
estimate of the B, field map, as indicated at step 306. This field map estimate is then

employed to form a revised signal model, as indicated at step 308. This revised signal

model includes a term that accounts for additional signal decay resulting from
macroscopic variations in the B, field. For example, the signal model in one of Eqgns.
(6), (8), (10), and (11) is formed. The image data acquired in step 302 is then fitted to

this revised signal model in order to provide an estimate of R; that has been corrected

for susceptibility effects resulting from macroscopic variations in the B, field, as
indicated at step 310. The estimated R; values are then used to produce a

susceptibility corrected R; map, as indicated at step 312. For example, the R; value
for each pixel location, as determined from step 310, is assigned to a corresponding

pixel location in an image matrix of the R; map.
[0072] A method for R; mapping in the presence of fat and macroscopic field

variations has been provided. This method allows robust R; mapping for a wide range
of acquisition parameters, specifically echo time combination and slice thickness. SNR

loss due to including fat signals in the model is negligible for low to moderate R;

values, especially as compared to currently available methods. For very large R;

values, the SNR loss is non-negligible, but in that regime it is also very problematic to

sample with in-phase echo spacing because substantially all the signal will have decayed

by the second echo. The provided method is applicable to the calculation of R; in the
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presence of chemical species other than fat or water alone. For example, the signal
models presented herein can account for water, fat, silicone, hyperpolarized carbon-13,
metabolites containing hyperpolarized carbon-13, hyperpolarized xenon-129,
hyperpolarized helium-3, acetone, choline, lactate, and, generally, any system of distinct

chemical species with different resonance frequencies. Moreover, the method is

applicable to simultaneously and independently estimate R; for more than one

chemical species. For instance, the R; values for both water and fat can be jointly and
independently estimated using the provided method.

[0073] The provided method uses a locally linear model for B, field variations.
In regions of very severe susceptibility-induced field variations, with significant higher
order terms in the B, field variation, it is contemplated that it will be advantageous to
acquire thinner slices, which will result in reduced susceptibility effects and allow
better approximation by a locally linear B,,.

[0074] The present invention has been described in terms of one or more
preferred embodiments, and it should be appreciated that many equivalents,
alternatives, variations, and modifications, aside from those expressly stated, are

possible and within the scope of the invention.
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CLAIMS

1. A method for measuring a transverse magnetization relaxation rate that is
corrected for macroscopic magnetic field inhomogeneities in a subject with a magnetic
resonance imaging (MRI) system, the steps of the method comprising:

a) acquiring image data with the MRI system by sampling a plurality of
different echo signals occurring at a respective plurality of different echo times;

b) forming for each of the plurality of different echo signals, a signal model
that accounts for relative signal components for each of a plurality of different chemical
species;

) estimating magnetic field inhomogeneity values associated with the MRI
system by fitting the image data acquired in step a) to the signal models formed in step
b);

d) forming for each of the plurality of different echo signals using the
magnetic field inhomogeneity values estimated in step c), a signal model that accounts
for relative signal components for each of a plurality of different chemical species and
for signal decay resulting from macroscopic variations in a main magnetic field of the
MRI system; and

e) estimating a transverse relaxation rate for at least one of the plurality of
different chemical species by fitting the image data acquired in step a) to the signal

models formed in step d).

2. The method as recited in claim 1 in which forming the signal models in
step d) includes calculating a spatial response function using the magnetic field

inhomogeneity values estimated in step c).

3. The method as recited in claim 2 in which the spatial response function
models the signal decay resulting from macroscopic variations in the main magnetic

field of the MRI system as a sinc modulation.

4. The method as recited in claim 2 in which calculating the spatial response
function in step c) includes calculating a variation in the magnetic field inhomogeneity

values estimated in step c).
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5. The method as recited in claim 4 in which the variation in the magnetic
field inhomogeneity values is calculated in step c) by calculating a gradient of the

magnetic field inhomogeneity values estimated in step c).

6. The method as recited in claim 1 in which the plurality of different
chemical species includes at least two of water, fat, silicone, hyperpolarized carbon-13,
metabolites containing hyperpolarized carbon-13, hyperpolarized xenon-129,

hyperpolarized helium-3, acetone, choline, and lactate.

7. The method as recited in claim 1 in which the plurality of different
chemical species comprises water and fat, and in which the signal models formed in

step b) account for a fat spectrum having multiple spectral peaks.

8. The method as recited in claim 7 in which the transverse magnetization

relaxation rate estimated in step d) is a transverse relaxation rate of water.

9. The method as recited in claim 7 in which step d) includes simultaneously
estimating a transverse magnetization relaxation rate for water and a transverse

magnetization relaxation rate for fat.

10.  The method as recited in claim 1 further comprising:
f) producing an R; map that is corrected for susceptibility effects using the

transverse magnetization relaxation rate estimated in step e).

11.  The method as recited in claim 1 in which the magnetic field
inhomogeneity values estimated in step c) are indicative of magnetic field

inhomogeneities along at least one direction.

12. The method as recited in claim 11 in which the at least one direction is a

direction transverse to an image slice.
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