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(57) Abstract: J-resolved LASER and semi-LASER sequences for localized
two- dimensional magnetic resonance spectroscopy are disclosed. After a
delay time Al from application of an excitation RF pulse, a first pair of
slice-selective adiabatic full-passage (AFP) pulses, separated by an in-
ter-pulse interval A,, is applied. At the end of the sequence a final pair of
slice-selective AFP pulses, separated by a time of A,/2 + A + ¢4 /2 is ap-
plied, where ¢, is the duration of an incremental evolution period corres-
ponding to the indirect dimension of a 2D J- resolved spectrum. In the case
of J-resolved LASER, an additional intermediate pair of slice-selective AFP
pulses, separated by an inter- pulse interval A2, is applied prior to the final
pair of AFP pulses. An echo signal is acquired at time ¢, /2 from the applic-
ation of the last AFP pulse. The method suppresses chemical shift artifacts,
J- refocused artifactual peaks, and sensitivity to RF field inhomogeneity,
each being caused, at least in part, by the use of a 3T or higher main mag-
netic tield.
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TWO-DIMENSIONAL J-RESOLVED LASER AND SEMI-LASER SPECTROSCOPY

CROSS-REVEREMOE TO RELATED APPLICATIONS

This Application claims the benefit of priority to US. Provisional Application

61/758,999 filed January 31, 2013, which is hereby incorporated by reference herein.

BACKGROUNMD

Magnetic Resonance Spectroscopy (MRS) 18 an analytical mcethod that may be used to
dentify and gquantify certain metabolites in samaples or arcas of interest in the body. While
relying on similar principles and using stmilar equipment, MRS differs from conventional
Magnetic Resonance Imaging (MRI) in that the obtained spectra provide physiological and
chemical information about the atoms and molecules i the sample, instead of anatomy and
positional mformation used to form an image. By cxploiting the magnetic properties of
certain atomic nuclel, MRS can provide detailed information about the structure, dynamics,
reaction state, and chemical environment of atoms or the molecules in which they are
contained. Similar to MRI, MRS is typically performed by placing the subject or object to be
mmaged at or near the isocenter of a strong, uniform magnetic field, By, known as the main
magnetic field. The main magnetic field causes the atomic nuclei (spins} that possess a
magnoetic moment in the matter comprising the subject or object to become aligned in the
magnetic field. The spins form a magnelization that precesses around the magnetic feld
direction at a rate proportional to the magnetic field strength.

If the magnetization 1s perturbed by a small radio-frequency magnetic field, known as
By magnetic ficld, the spins may emit radio frequency (RF) radiation at a characteristic
frequency. By applying the By magnetic field as one or more timed pulses and/or sequences
of pulses with delay periods in between them, the emitted RF radiation can be detected and

analyzed to yield information that may be used to idemtity and quantify chemical compounds
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within an object and infer information about metabolic activity. Various technigues atilizing
specific sequences of RF pulses, having specific timing, frequencies, and mtensities, have
been developed, providing new advances, as well as introduacing new challienges.

MRS experiments may gather data in one dimension {10 MRS} or two dimensions
(2D MRS). Spectra obtamed in 1D-MRS relate 1o the chemical shift properties of the nuclei
m the sample. JF-resolved speciroscopy—one form of 20 MRS—may be used to analyze
molecules for which the 1B-MRS spectra contain overlapping speciral peaks (multiplets) due
o J-coupling.  J-coupling arises from the nteraction of different spin states through the
chenrical bonds of a molecule and may provide insight into the counnectivity of atoms in a

solecule. The J-resoived spectrum vertically displaces the multiplet from each nucleus by a
different amount. Each peak in the 2D spectrum will have the same horizontal coordinate
that it has in a non-decoupled 1D spectrum, but its vertical coordinate will be the chemical
shift of the single peak that the nucleus has in a decoupled 1D spectrum.

One challenge in the field of MRS has arisen due to the use of a relatively high
magnitude main magnetic field.  While m conventional MRI the main magonetic field
strengths range from 0.2 1o 3T, MRS may employ a main magnetic ficld of 1.5T or more.
Higher ficld strengths have the advamtage of higher signal-to-noise ratio {SNR)}, betier

T

wrier acquisition times (1,2}, However, the separation {or dispersion) of

resolution and st
MRS spectra is magnetic field dependent and the ncreased chemical shift dispersion sets
higher demand on the bandwidith (BW) of radiofrequency (RF) pulses that are used for the
localization in MRS, Chemical shift displacement error (CSDE) is proportional to the
amplitude of static field (Bq) and reversely proportional to the BW of shice-selective RF
pulses (1,3-5),

Point-resolved spectroscopy (PRESS) is one pulse sequence commonly used in MRS.

o the conventional PRESS sequence, the MR spectrum is acquired using one 90° pulse
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followed by two 180° pulses. The first 180° pulse is applied afier a time TE /2 from the first
(907} pulse, with the second 130° pulse being apphied after a time TE/2 + TE/2 from the first

}O

W

(90°) pulse. A MR signal is acquired after a time TE. Because two slice-selective |
refocusing pulses are used m conventional PRESS, the chemucal shift artifact is especially
severe (6). The huted BWs moay not only cause CSDEs but may also lead 1o spatially
dependent evolution of J-coupling, which may result in additional J-refocused arfifactual
peaks in two-dimensional (2D} Jresolved spectroscopy (JPRESS) (7-9). For a pair of
coupled spins with a large chenucal shift difference, one spin may not undergo the 180°
refocusing pulses due to the fintte BW of the RF pulses in the voxel selected for its J-coupled
partner. Therefore J-couphing will be refocused instead of evolving during the echo time
(TE)}, which leads to additional so-called J-refocused peaks. The intensities of the intended J-
esolved peaks moay be reduced, thereby tmpairing spectral quantification.

RF ficld (8,) inhomogeneity also presents issues in MRS, At bigh magnetic field
strengths, conventional RE pulses cannot provide uniform flip angies of the magnetization in
the presence of nonuniform By Deviations from the intended fip angles may not only lead to
signal attenuation and additional unwanted signals (thus compromising the relability of the
experiments), but may also increase the sidelobes of the slice profile, leading to unwanted
non-zero flip angles outside the region of interest (ROT} (10). In ' MRS experiments on the
brain, accurate volume selection using slice-selective RF pulses may prevent contanumation
of a large Hpid signal from scalp or water signal from poorly shimmed regions outside the
selected volume (11}

One approach that bas been successful in solving or mitigating the above issues is to
use adiabatic RF pulses (2,3,12-21). Adiabatic pulses offer large BWs and produce a uniform
flip angle despite variation in By, provided that the B, feld strength is above a certain

threshold. However, in contrast to conventional RF pulses which can rotate magnetization

Lo
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around an axis in the rotating frame, single adiabatic pulse cannol generate plane rotation
(5,18}. If a pair of adiabatic refocusing pulses are used, the sccond adiabatic refocusing pulse
can compensate or cancel the phase dispersion generated by the first adiabatic refocusing
pulse. Therefore, a pair adiabatic refocusing pulses is usoally apphied to define a shce. A
single shot spin-echo based sequence called LASER, which stands for “localization by
adiabatic selective refocusing,” has been used for 1D MRS (18). LASER uses a non-slice-
sclective cxeitation pulse followed by three pairs of adiabatic fuli-passage (AFP) pulses for
signal refocusing as well as selection of three orthogonal shices in space. LASER, however,
is ondy & 113 MRS techunique and cannot provide information on J-couphing.

Recently, adiabatic pulses were employed in 1D localized MRS, spectral editing,
total correlation spectroscopy, and localized chemical shift correlated spectroscopy, ete.
(1,4,22-24). However, the most commonly used localized 2D J-resolved spectroscopy, 1.,
JPRESS, 15 still based on the PRESS sequence. As described above, PRESS suffers from
scveral drawbacks. Namely, PRESS exhibiis increased chemical shift displacement error,
spatially dependent J-coupling evolution resulting in additional J-refocused peaks, and
sensitivity to RF ficld inhomogeneity leading to signal attenuation and unwanted signals.
These drawbacks can lead fo reduced intensitics of the desired J-resolved peaks, impair
spectral quantification, increase sidelobes of the shice profile and compromise the overall
rehiability of speciral quantification. Thus, a need remains in the art for an improved 2D J-
resolved speciroscopy technigue that provides for more reliable and accurate quantification
of metabolites at 37 and higher field strengths.

Embodiments disclosed herein provide novel systermns and methods implementing
two-dimensional (2D} J-resolved localized and semi-localized by adiabatic selective

refocusing (LASER and semi-LASER} spectroscopy techniques, named “J-resolved
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LASER” and “J-resolved sLASER,” respectively. These sequences can provide uniform
fhip angle over large bandwidths, and suppress chemical shift artifacts and additional J-
refocused artifactual peaks that are caused, at least in part, by the application of a 3T or
higher maim magnetic field. In the J-resolved LASER sequence, three pairs of adiabatic
pulses are employed for voxel localization, whereas two-pairs of adiabatic pulses are used
m J-resolved sLASER. To obtain 2D J-resolved spectra—something not achieved with the
known LASER sequence—ithe first hall’ of the #, period is inserted between the last pair of
adiabatic pulses, where #7 corresponds to the Incremental evolution period to implement the
21 J-resolved LASER and sLLASER spectroscopy.

In the J-resolved sLASER sequence, a nonadisbatic, optimized slice-sclective 90°
excitation pulse 1s used instead of the combination of the non-shce-selective excitation 90°
pulse and the first pair of AFP pulses, considering that a shce-selective 907 pulse produces
a smaller CSDE than a slice-selective 1807 pulse. fn this way, only two pairs of AFP pulses
are needed. The echo time (TE) and the specific absorption rate (SAR) are thercfore
reduced. Crusher gradients and phase cyeling were explotted {o suppress unwanted free
mduction decays (Fis), stimmulated echoes, and spin-echo signals. The RF power rematns
within the SAR limits and the CSDE is much smaller than that in conventional JPRESS.

Compared to JPRESS, Jresolved LASER and J-resolved sLASER exhibit significant
suppression of cherpical shift artifacts and additional Joefocused peaks from spatially
dependent I-coupling evolution, and demonstrate insensitivity to the change of RF frequency
offset over large bandwidth. The resalts of expertiments on phantoms and human brains set
forth herem demonstrate the feasibility and strengths of 2D adiabatic J-resolved speciroscopy
at 3T. This techoigue may advance the apphication of in vive 20 MR spectroscopy at 37 and

higher ficld strengths for more veliable and accurate quantification of metabolites.
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Hence, in one respect, various embodiments of the present invention provide, in a
magnetic resonance maging (MR} scanner systern, a computer-implemented method
comprising: {1} applying {o an object in the MRI scanner sysiem an excitation radio
frequency (RF) pulse; {2} after a delay time, A;, from apphcation of the excitation RF pulse,
applying to the object, a first pair of adiabatic full-passage (AFP) pulses, wherein the first
pair of AFP pulses are separated by an inter-pulse tiroe inferval, Ay {3) applving to the object
a second pair of AFP pulses, wherein the sccond pair of AFP pulses are separated by a time
of A2 + Ay + ¢/2, wheren ¢; corresponds to the incremental evohution period; and (4)
acquiting an echo signal affer an echo time (TE), wheremn the length of TE corresponds to the
time from application of the excitation RF pulse to £/2 from apphication of a last AFP pulse.

In another aspect, various embodiments of the present mvention provide, in a
magnetic resonance imaging {(MRI) scanner system, a computer-implernented method
comprising: (1) applying to an object in the MRI scanner system an excitation radio
frequency (RF) pulse; (2) after a delay time, A;, from application of the excitation R¥F pulse,
applying to the object, a fivst pair of adiabatic {ull-passage (AFP) pulses, wherein the first
pair of AFP pulses are separated by an inter-pulse time interval, Az (3) applying 1o the

object, a sccond pair of AFP pulses, wherein the second pair of AFP pulses are separated by
the time Az (4) applying to the object, a third pair of AFP pulses, wherein the third pawr of
AFP pulses are separated by a time of Ay2 + Ay + /2, wherein ¢ corresponds to the
incremential cvolution period; and (8) acquiring an echo signal after a time £/2 from
application of a last AFP pulse.
In still another respect, various embodiments of the present invention provide an MRI
scannet system comprising: (1) one or more processors; {2) memory; (3) a main maguoet; (4) a
phurality of gradient coils positioned in the main magnet; (5) an RF transceiver system; {6) an

RF coil assembly; {7) a pulse module for transmutting signals to the R¥ coil asserobly; (8) an
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RF switch controlled by the pulse module; and (9) machine-readable instructions stored in the
memory that, when executed by the one or more processors, cause the MRI scanner system to
carry out functions including: (a) applying to an object in the MRI scanner system an
excitation radio frequency {RF) pulse; (b) after a delay time, Ay, from application of the
excitation RF pulse, applving to the object, a first patr of adiabatic full-passage (AFP) pulses,
wherein the first pair of AFP pulscs are separated by an mter-pulse fime interval, Ay (¢}
applying to the object a last pair of AFP pulses, wherein the last pair of AFP puiscs are
separated by a time of Ay/2 + Ay + #/2, wherem ¢ corresponds to the incremental evolution
perind; and (d) acquiring an echo signal afier a time 7/2 from application of a last AFP pulse.

In still another respect, varicus embodimenis of the present invention provide a
nontransitory computer-readable medium having mstructions stored thercon that, upon
execution by once or more processors of an MRI system, cause the MRI system to carry out
functions comprising: (1) applying to an object in the MRI scanner system an excitation
radio frequency (RF) pulse; (2) after a delay time, A, from application of the excitation RF
pulse, applying to the object, a first pawr of adiabatic full-passage (AFP) pulses, wherein the
first pair of AFP pulses are separated by an inter-pulse fime toterval, Az (3) applyiong 1o the
object a last pair of AFP pulses, wherein the last pair of AFP pulses are separated by a time of
Al + A+ £/2, whergin ¢ corresponds to the incremental evohution peried; and (4)
acquiring an echo signal afier a time #,/2 from application of a last AFP pulsc.

These as well as other aspecis, advantages, and alternatives will become apparent to
those of ordinary skill in the art by reading the following detailed description, with reference
where appropriate to the accompanying drawings. Further, it should be understood that this
sunmmary and other descriptions and figures provided hercin arc imtended to illustrate the

wvention by way of example only and, as such, that numerous variations are possible.
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BRIEF BESCRIPTION OF THE BDRAWINGS

Figure 1A iHustrates an example ernbodiment of a J-resolved LASER pulse sequence.

Figure 1B illustrates an cxample cmbodiment of a f-resolved sLASER pulse
sequence.

5 Figures 2 and 3 illustrate example embodiments of methods for implementing J-
resolved sLASER and LASER sequences.

Figure 4A iilustrates an example chemical shift displacement between 2 ppm and 5.5
ppo in the anterior-posterior (AP), right-left (RL), and foot-head (FH) directions, generated
by one exarple embodiment of a JPRESS pulse sequence.

10 Figure 4B illustrates an example chemical shift displacement between 2 ppm and 5.5

generated

2 &

ppm in the anterior-posterior (AP}, right-left (RL), and foot-head (FH) directions
by one example embodiment of an sLASER pulse sequence, in accordance with the
embodiment of Figure 1B.
Figure 4C illustrates an example chemical shift displacement between 2 ppm and 5.5
1S ppmo in the anterior-posterior (AP), right-left (RL}, and foot-head (FH) directions, generated
by one embodiment of a LASER pulse sequence, in accordance with the crobodiment of
Figure 1A,
Figure 5 iHustrates shee profiles of an example gtst1 203 refocusing pulse (dash ling),
a single AFP refocusing pulse (dot line) and a pair of AFP refocusing pulses (solid hine).
20 Figure 6A illustrates a 2D specira obtained from the GE MRS Braine phantom using
an example JPRESS pulse sequence with TE starting at 27 ms.
Figure 68 illustrates a 2D spectra obtained from the GE MRS Braino phantom using
an example J-resoived sLASER pulse seguence, in accordance with the embodiment of

Figure 1B, with TE starting at 30 ms.
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Figure 6C illustrates a 2D spectra obtained from the GE MRS Braino phantom using
an example Fresolved LASER pulse sequence, in accordance with the embodiment of Figure
1A, with TE starting at 39 ms.

Figures 6D-6F are detail views of the boxes provided in Figures 6A-6C, respectively,

5 shown to illustrate the doublet of lactate (Lac) at 1.33 ppm.

Figures 7A-7C illustrate the 2D spectra of N-Acetylaspartic acid (NAA) at 2.20-2.75
ppm obtained with an example JPRESS scquence using fow-BW pulses, an example -
resolved sLASER pulse sequence m accordance with the embodiment of Figure 1B, and an
example J-resolved LASER pulse sequence in accordance with the erbodiment of Figure

10 1A, respectively.

Figures 8A-8D ilhustrate 1D spectra obtained from the GE MRS Braino phantom
using a JPRESS pulse sequence at a minimum TE with the center frequency offset of the RF
pulses set at Zppm, 4ppm, 6ppro and 8ppm, respectively.

Figures 8E-8H ilusitratc 1D spectra obtained from the GE MRS Braino phantom

15 using a an example J-reselved LASER pulse sequence, in accordance with the erobodiment of
Figure 1A, at a2 muntronm TE with the center frequency offset of the RF pulses st at 2ppm,
dppr, 6ppm and Sppm, respectively.

Figures 9A and 9B arc images of a human brain obtained using MR, showing the
parieto-occipital junction labeled m the white boxes.

20 Figures 9C-SE illustrate 1D spectra acquired from a voxel encompassing the paricto-
occipital junction of 8 healthy volunteer using a JPRESS pulse sequence, a F-resolved
SLASER pulse sequence in accordance with the embodiment of Figure 1B, and a J-resolved
LASER pulse sequence in accordance with the embodiment of Figure A, respectively, all at

their respective minimum TEs.
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Figures 10A-10C illustrate 2D spectra acquired from a voxel encompassing the
paricto-oceipital junction of another healthy volunieer using a JPRESS pulse sequence, an
example J-resolved sLASER pulse sequence in accordance with the embodiment of Figure
1B, and an example J-resolved LASER pulse sequence in accordance with the embodiment of
Figure 1A, respectively.

BETAILED DESCRIPTION

The embodiments disclosed herein by way of example provide ecxample MRS
techmiques applicable i an MRI systemn.  An MRI system typically comprises hardware
components including a plurality of gradient coils positioned about a bore of a magnet, an RF
transceiver system, and an RF switch controfled by a pulse module to transmit RF signals to
and receive RF signals from an RF coil assembly. The received RF signals are also known as
magnetic resonance (MR} signal data. An MRI system also includes a computer progranmmed

o~

to cause the systera to apply to an object in the system various RF signals, magoetic ficlds,
and field gradients for inducing spin excitations and slice selection in an object, to acquire
MR signal data from the object, to process the MR signal data, and to construct an MR iroage
of the object from the processed MR signal data. The computer may include one or more
general or special purpose processors, one or more forms of memory, and one or more
hardware and/or software interfaces for interacting with and/or coniroling other hardward
components of the MR system.

MRS relies, at least in part, on the principle that some atomic nuclei possess a
magnetic moment {nuclear spin), which gives rise to different energy levels and resonance
frequencies i a roagnetic field. These MRS active nuclet absorb electromagnetic radiation at
a frequency () characteristic of the isotope, as given by the Larmor equation: f= v#,, where

the gyromagnetic ratio {y) is a constant of cach muclear species. Different nuclei resonate at a

different frequency at this field strength in proportion to their nuclear magnetic moments.

10
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For example, hydrogen nuelet {which are the common nuclei emploved in MRS due to their
abundance m human lissues), precess at approximately 64 MHz in a magnetic ficld of 1.5
Tesla. Many nuclei may be used to obtain MR spectra, inchuding hydrogen ('H), phosphorus
(“P), Huorine (lgF), carbon (BC) and sodium (< Na).

The resonant signals of the nucler in a sample can also depend on their different
clectronic environments. The clectric shell interactions of these nuclel with the surrounding
molecules cause a change in the local magnetic ficld leading to a change on the spin
frequency of the atom—a phenomenon called chemical shift. The size of the chemical shift
is given with respect to a reference frequency or reference sample, usually a molecule with a
barely distorted clectron distribution, such as tetramethylsilane. Because it is independent of
the field strength, the chemical shift position of & mucleus is typically expressed i parts-per-
million (ppm) (choline, for example, will be positioned at 3.22 ppm). The chemical shift
provides information about the structure of the molecule and is obtained with 1D MRS, The
1D MR spectrum can be graphically represented by the x axis that corresponds to the
metabolite frequency i ppm according to the chenucal shift and the y axis that corresponds
to the peak amplitude,

Some metabolites, such as lactate, have doublets, triplets or multiplets instcad of
single peaks on the chemical shift spectrum. These peaks can be explained by J-coupling, a
phenomenon that occurs when the molecular structure of a moetabolite is such that protons are
found in different atomic groups (for example CHs- and ~CHo-). Due to variations in local
geomelry {binding partners, bond lengths, angles between bonds, etc.), these groups each
have a shightly different local magnetic fields and cach 'H therefore resonates at a frequency
characteristic of is position in the molecule resulting i a multiplet peak.  Where the

chemical shift relates to a nucleus’s environment and relative position in the molecule, the J

11
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coupling contains information about bond distance and angles and the interaction between
nuclet.

In cases where the 1D MR spectrum of a molecule contains overlapping multiplets, a
second dimension of data can be necessary to fully understand the chemical makeup and
structure of the molecules in a sample. J-resolved spectroscopy, one form of 2D MRS, can
be used to acquire J-coupling data by vertically displacing the ronitiplet from cach nucleiby a
different amount. The two dimensions of a two-dimensional MRS experiment are two
frequency axes representing cherical shift and J-coupling mformation. Each frequency axis
is associated with one of two time variables—the length of the evolution period, 11, and the
time elapsed during the detection period—and are each converted from a time series o a
frequency series through a two-dimensional Fourier transform. Each peak in the 2D spectrum
has the same horizontal coordinate that 1t has in a non-decoupled 1D spectnum, but 1ts vertical
coordinate is the chemical shift of the single peak that the nucleus has in a decoupled 1D
specirum. A singfe two-dimensional experiment is generated as a serics of one-dimensional
experiments, with a different specific evolution time i successive experiments, with the
entire duration of the detection period recorded in each experiment.

As described above, specific pulse sequences have been developed to obiain one- and
two-dimensional MRS data. The present disclosure describes modifying the basic LASER

g5t

pulse sequence, which is only capable of obtaining the 17 dimension of MRS data, to perform
2D J-resolved MRS, Further, the disclosed technigues provide several advantages over the
known JPRESS pulse sequence. The feasibilitics of 2D J-resolved LASER and sLASER
sequences described herein were verified by both phantorn and in vivo studies.

As will be fully described herein, reducing spectral overlap can be an efficient way o

iprove the quantification of 2D J-resolved spectra. Accordingly, two schemes are disclosed:

(1) using JFresolved LASER or JFresolved sLASER mstead of JPRESS to suppress the
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additional J-refocused artifactual peaks, thus reducing the chance for spectral overlap and at
the same tiroe maintaining the intensities of intended J-resolved peaks, and (2) using so-
called “maximum-eche sampling” (i.c., starting data acquisition immediately after the second
spotler gradient of the last AFP pulsey instead of commonly used halftecho sampling (39). In
half-echo samphing, J-resolved spectroscopy suffers from long dispersive tails due to the 2D
phase-twist lineshape (marked by arrows in Fig, 10}, which increases the chance of spectral
overlap especially along the 7 = € axis. Maximum-echo sampling will tift the peak tails
away from the Fy = 0 axis so overlap can be mitigated especially from the promunent
resonances of NAA, creatine (Cr), choline (Cho), residual water, and lipids. What s more,
due to a large sampling interval {An = 10 ms), the maximum 7 is 310 ms at the last 7 step.
Significant signal loss due to Tr-weighted effects can be a drawback of 2D Iresolved
spectroscopy with half~echo sampling. Therefore, using the maximum-echo sampling with

3

the acquisition starting immediately after the final crusher gradients and a much shorter
sampling terval (for example An = 0.8 ms), the T,-weighted effects can be minimized
(32,39

in addition, the use of AFP pulses inthe LASER and sLASER sequences 13 shown to
produce uniform flip angle over a large BW. The resonance iniensities in the J-resolved
LASER spectra were minimally affected by the change of RF frequency offset in a wide
range. {See Fig. 8). In contrast, the resonance intensities in the JPRESS spectra were
scverely atienuated when the offset frequency was moved away from the frequencies of the
resonance Hues. The CSDEs in the form of extracranial Hpid signal were reduced evidently
i Jresolved LASER and sLASER spectroscopy compared to JPRESS. (See Fig. 9). The
reduction of extracranial Hpid signal is Jess obvious in J-resobved sSLASER compared to
JPRESS, because the regular slice-selective 90° pulse in the J-resolved sLASER sequence

was set to define the shice close to the scalp. {See Fig. 10}

13
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i. J-Resolved LASER and sLASER Principles and Example Embodiment

The diagrams of J-resolved LASER and J-resolved sLASER sequences are shown m
Figures 1A and 1B, respectively. The I-resolved EASER sequence (Fig. 1A) inchudes a non-
shice-selective 90° excitation pulse and three pairs of slice-selective 180° refocusing AFP
pulses. A pair of crusher gradients is positioned symmetrically around each AFP pulse 1o
suppress vowanted FibDs. To build the second dimension, the first half of the incremental
period 7 {evolution time) is inserted between the last pair of AFP pulses in the 2D J-resolved
LASER sequence. By inserting #/2 between the last pair of AFP pulses, the J-coupling
signal is permitted to evolve, thereby building the second dimeunsion, a result which is not
possible using the traditional LASER sequence in which all of the AFP pulses are identically
spaced. To rephase the inhomogeneous evolution of A; (the interval between the excitation
RF pulse and the beginning of the first AFP spoiler gradient), another A; was also placed
between the last pair of 180° AFP pulses to form an echo. A minimum mumber of cight
averages were acquired for every incremental 7. For every TE step, 4 is incremented by a
Agr. In addition to the crusher gradients, §-step phase cycling was applied for suppressing
unwanted FHs. RF-AM shows the amplitude medulation profiles of the AFP pulses, RF-FM
the frequency meodulation profiles. Ay is the mterval between the excitation RF puise and the
beginning of the first AFP spoiler gradient. A, is the interval between a pair of AFP gpoiler
gradients, mmcluding the AFP pulse. #; 1s the incremental evolution period. Due to the three
pairs of AFP pulses emploved in the J-resolved LASER sequence, the resultant long TE may
imcrease the apparent transverse relaxation To effect, and the RF power deposition may
increase as well.

Figure 1B depicts an example F-resolved sLASER pulse sequence. A shice-selective
90° excitation pulse, instead of a combination of a non-shice-selective 90° excitation pulse

and a pair of AFP pulses m the Jresolved LASER sequence, was used for both shice selection

14
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and excitation, so the TE can be shorter while the CSDE caused by a regular shee-selective
807 pulse 1s much less than a 180° pulse. Again, the first half of the incremental period # is
nseried between the last pair of AFP pulses to build the second dimension.

The clinically available maximum By of the guadrature transmit body coil of the
Philips Achieva 3T MRI system 1s 13.5 uT. With this B; value, the duration of an AFP pulse
is 5.3 ms and its BW is 4748 Hz, whereas a conventional nonadiabatic RF pulse can only
have a BW of about 2000 Hz for a 90° pulse and 1200 Hz for a 1807 pulse. The water signal
was suppressed by the VAPOR (variable pulse power and optimized relaxation delays)
scheme except for the shice profile experirgents. Along with each pair of AFP pulses, there
were spoiler gradients with an amplitude of 10 mT/m and a duration of .31 ms {0.155 ms
ramp-up/down times without top} around the first AFP pulse and with 8 mT/m and 0.31 ms
(0,155 ms ramp-up/down times without top) around the second AFP pulse for phantoms
experiraenis. In the in vivo experirents, the duration of spoiler gradients was adjusted to 1.81
ms with two ramps of 0,155 s and a top of 1.5 ms. Other durations, ampiitudes and ramp-
up/down times for the gradient pulses are also contemplated herein.

Example embodiments of J-resolved LASER and sLASER MRS methods 200, 300
arc ilfustrated in Figures 2 and 3. By way of non-Hmiting example, the example method can
be a computer-implemented method in an MRI system sach as the one described above.

As illustrated m Figure 2, at step 210, an excitation radio frequency (RF) pulse is
applied to an object in the MRI scanner system. For Jresolved sLASER methods, the
excitation RF pulse is a non-adiabatic shice-selective 90° RF pulse. After a delay time, Ay,
from application of the excitation RF pulse, a {irst pair of adiabatic full-passage (AFP) pulses
arc applied to the object. The first pair of AFP pulses is separated by an inter-pulse time
wterval, A, (220). At step 230, a second pair of AFP pulses are apphed to the object. The

second pair of AFP pulses 1s separated by a time of Ay/2 + Ay + #/2. The time mterval #
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corresponds 1o the incremental evolation period. By adding half of the incremental evolution
period between the last pair of AFP pulses, the sccond dimension of MRS data can be
obtained. An echo signal is acquired affer an echo time {TE), whercin the length of TE
corresponds to the time from apphication of the excitation R¥F pulse to ¢/2 from application of
a last AFP pulse. A sequence of infeger NV echo signals can be obtained. For each of the &
different TE periods, §; is increased by At

For both methods, application of the pairs of AFP pulses causes suppression of one or
more of chemical shift arfifacts, Jorefocused artifactual peaks, and sensitivity to RE field
mhomogeneity, each being caused, at least in part, by the application of a main magnetic field
having a magnitude of 3T or higher. Each of the AFP pulses may be shice-selective and have
a duration of 5.3 milliseconds and a bandwidth of 4748 Hz.

Further, a pair of magnetic field spoiler gradients {Gy) along a first divection, a pair of
magoetic field spoiler gradients {Gy) along a second direction, and a pair of magnetic ficld
spoticr gradients ((G,) along a third direction around cach AFP pulse can be simultancously
applied to the object. The first of the pair of magnetic field spoiler gradients along a first
direction {Gy), along a second direction (G}, and along a third direction (G;) can cach be
applied after an excitation delay time, A, from applcation of the excitation RF pulse. Each
pair of magnetic ficld spoiler gradients has a time interval of A;.

Example embodiments of a J-resolved LASER method 300 1s llustrated in Figure 3.
At step 311}, an excitation radio frequency {(RF} pulsc is applied to an object in the MRI
scamner system. For J-resolved LASER, the excitation RY pulse can be a non-shce-selective
80° RF pulse. After a delay time, A, from application of the excitation RF pulse, a first pair
of adiabatic full-passage {AFP) pulses s applied to the object (320). The first pair of AFP
pulscs are separated by an imter-pulse time imterval, A;. A sccond pair of AFP pulses,

separated by the time A, are apphied (330). At siep 340, a third pair of AFP pulses, separated
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by a time of A2 + Ay + /2, are applied. The time #; corresponds to the incremental
evolution period. An echo signal is acquired after a thme /2 from appbication of a last AFP
pulse {350}, A sequence of integer N echo signals may be obtained. For each of the N
different TE periods, t; is increased by At;.

{t will be appreciated that J-resolved LASER and sLASER can also be embodied as a
non-fransitory compuicr-readable medium, such as magnetic disk, CD-ROM, or the like,
having non-transitory computcr-readable medium having stored thereon compuicr-exccutable
structions that, if execuled a processor or processors of the MRI system, cause the MRI
system to perform functions of the example method as described above. It will also be
appreciated that the method steps deseribed above could be modified or rearranged, and that
additional steps could be added, without changing the scope or spirit of the example
embodiment or other Joresolved LASER and sLASER embodiments.

2, Example Operation and Resulis

In accordance with cxample embodiments herein, systems and methods implementing
Jresolved LASER and sLASER sequences were tested with phantom and human
experiments.

a. Phantoms. Subiects and Instrumental Setup

The experiments described herein were performed on a Philips Achieva 3T whok
body scamner (Philips Medical Systems, Best Netherlands), operating at a proton resonance
frequency fo = 127.74 MHz. The body coil was used for transmission and a SENSE-Head-&
cotl for reception. The maximum RF peak power was 13.5 uT.

A phantom containing 50 M NAA in the buffer (pH 7.2)—the “NAA phantomn—
was made i house to examine the additional J-refocused peaks. The GE MRS Braino

phantomn {General Eleciric Medical Systems, Milwaukee, W) was used to verify and

compare the J-resolved LASER and Joesolved sLASER sequences with conventional
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JPRESS sequences. It contained the following brain metabolites and chemicals: (1} 12.5 mM
NAAL(2) 10 mM Cr, (3) 3 mM Cho, (4) 7.5 mM myo-inositol (ml), (5) 12.5 mM glutamate
(Glu}, {6) 5 oM Lac, {7} 0.1% sodium azide, (8) 50 mM potassium phosphate monobasic
(KH,PO4}, (9) 56 mM sodiom hydroxide (NaOH} and (10) 1 wml/l G4-DPTA (Magnevist)
526,27
{n vivo studies were conducted on two bealthy volunteers.

b. Fxperiment Parameters

The sequence parameters for the experiments on the GE MRS Bramo phantom were
as follows: voxel size = 30x30x30 mum’, NSA = §, TR = 2000 ms, minimum TE = 27 ms

10 (JPRESS), 30 ms (J-resolved sLASER), and 39 ms (J-resolved LASERS, 32 TE steps with an
meremental size ATE (or Ar) = 10 ms. 1024 x 32 points were acquired with spectral widths
of 2000 He x 100 Hz m the £ x & dimensions, total scan time = & mins and 32 <.

The NAA phantom experiments were used to assess the efficiency of suppressing
additional J-refocused peaks by the proposed Jresolved LASER and sLASER sequences,

18 compared with that of JPRESS. In the JPRESS sequence, a lower BW of 18(° refocusing
pulse {(about 843 Hz) instead of the default 180° refocusing pulse “gtst1Z03” (BW = 1263
Hz) was emploved to make J-refocused peaks clearly visible on the 2D JPRESS spectrom.
The other parameters were the same as those used in the GE MRS Bramo phantom
experiroents.

20 The GE MRS Braino phantom was alse used to measure the slice profiles of the 180°
refocusing puolses used in the three J-resolved speciroscopy sequences. During data
coliection, a read-out gradient of 0.04 mT/m was applied along the same divection of the
stice-selective gradicnt for the tested refocusing pulses. The experimenial parameters were as
follows: repetition time (TR} = 2000 ms, TE = 50 ms, number of signal averages (NSA) = 16,

25 shice thickness = 30 rom, 1024 ponts acquired, duration of echo sampling = 512 ms, spectral

18
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width = 2000 Hz, and the RF offset frequency was set to water resonance frequency. The
profile width at halt height was calculated using the following formula: Profite width = y x
Slice thickness » Amplitude of read-out gradient {4). For a 30-mm slice thickness, an ideal
profile was a rectangular with a width of $1.12 Hz.

For in vivo experiments, a 30x30x30 mm’ voxel was placed aligned with the paricto-
occipital junction of healthy volunteers. The durations of all spoiler gradicnts were 1.81 ms
and the mintmum TEs were 42 ms and 57 ms for the J-resolved sLASER and J-resolved
LASER sequences, respectively. The other parameters were the same as those used on the GE
MRS Braino phantom.

C. Spectral Data Processing and Analvsis

The 2D MRS data were processed using Felix software (Accelrys Inc. San Dhego, CA,
USA} The datasets were zero-filled from 1024 1o 2048 pomnts i the divect dimoension ()
and from 32 to 128 points in #}. A solvent suppression with sichell window function of 32
Hz was apphed. A skewed sinebell-squared window function with the skew parameter of 1, 8
size of 2048 pomts, and the phase of 90° was apphied to Fu. A skewed sinebell-squared
window function with the skew parameter of 1, a size of 128 points and the phase of 90° was
applied to & The combination of phase = 90° and skew parameter = 1 along both # and #,
has the advantage to present the 2D spectra with small linewidths and well resolved peaks
especially along &, divection. A custom-made Matlab program was used for visualization and
guantification of peak volumes.

d. Results

Figures 4A-C show the chemical shift displacements in three directions: anterior-
posterior {AP), right-left (RL) and foot-head (FH} between the two voxels volume-selected
for a chemical shift of 2 ppm (solid box, for example a NAA peak) and 5.5 ppm {dashed box,

for example a hpid pedk), using the JPRESS, J-resolved sEASER, and J-resolved LASER
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sequences on the GE MRS Braino phantom. The CSDiEs were significantly suppressed using
Fresolved LASER and sLASER sequences compared with the JPRESS sequence. In JPRESS
(Fig. 4A), the CSDE of the non-adiabatic slice-selective 90° pulse in AP direction was
smaller than those of the non-adiabatic slice-selective 180° pulses in RL and FH directions.
In the J-resolved sLASER experiment (Fig. 4B), the CSDE of the non-adiabatic shice-
sclective 90° pulse o AP is the same as that in JPRESS (Fig. 4A) because the same slice-
sclective 907 excitation pulses were used. However, the CSDEs i the other twe directions:
RE and FH were significantly suppressed by using two pairs of AFP pulses. Using J-resolved
LASER (Fig. 4C), the C5DEs i all three directions were significantly suppressed by using
three pairs of AFP pulses. Between the two adiabatic J-resolved speciroscopy sequences, the
J-resolved sLASER sequence had the advantages of shorter TE (or possibly higher SNR) and
lower SAR, but the CSDE i J-resolved sLASER was larger than that in Jresolved LASER,
The CSDE in the plane defined by an R¥ pulse can be expressed as:

e Af MG
cspE =L 2200
BwW BW (1]

where Af'is the frequency difference of two resonances in hertz (Hz}, Ad is the chemical shift
difference in ppm, BW is the bandwidth in Hz of the slice-selective RF pulse for the plane,
and fo is the carrier frequency of the scanner in MHz. The chemical shift displacement artifact
can be described as the percent voxel overlap between the resonances at two chemical shifs

A - AS -
f - BV\,’ 23, assuming the voxel is defined by

i,, »,

JO}(}

according to Eg. [1]: (-
)’

the mtersection of planes x, y and z {1}, For example, two resonances with a chemical shift
difference of 3.5 ppm, only have a percent voxel overlap of 32% using the JPRESS sequence
with a routine shice-selective 90° excitation pulse (BW ~ 2000 Hz) and two routine shce-

sclective 180° refocusing pulses (BW ~ 1200 Hz) on a clinically availabie 3T MRI scanner,

such as a Phillips Achieva 37T scanner. In contrast, the percent voxel overlap can be mereased
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to 74% using the J-resolved LASER sequence and 64% using the I-resolved sLASER
sequence
Theoretical investigation of the cffects of J-couplings on signal formation of
conventional JPRESS, ignoring relaxation, diffusion, and other effects, was also conducted.
5 Considering a homonuoclear J-coupled AX spin-1/2 aystem with a coupling constant J, in a
part of the plane excited by a slice-selective 180° pulse for spin X, spin A does not
experience the pulse due to the chemical shift displacement between the spins A and X {9}
The voxels can be decomposed mio 2 distinet sub-voxels: in subvoxel 1, spin A experiences
the second 180° pulse, and in subvoxel 2, spimn A dose pot expericnce the second 1807 pulse
16 (7.9). Assuming My is the equilibrium magnetization per unit velume of spin X and Q,, is the
frequency offset of spin m (m = A or X) in the rotating frame, the signal arising from the sob-
voxels 1 and 2 at ¢ = #, can be expressed as S; and S, respectively, as follows:

. /7‘/{ {/ ‘l{*l‘;)(’*:) “'DXW

~ 7 ~HOxEad Y,
sz = MV f, 2

where 17 and ¥, are the volumes of subvoxels 1 and 2, respectively. As a resul, the expected
18 Jresolved peaks appear at (7, F2) = (<02, 27 + J/2) and (J/2, @2z - J/2), and the
additional J-refocused peaks at (F), Fy) = (0, /27 £ J/2). Therefore, there is no J-aplit for the
J-refocused peaks along F dimension. If spin X 18 also coupled with spins 7= 1, 2, 3 = n,
besides with spin A, the addivional J-refocused peaks will appear at the muddie of the
mtended F-resolved peaks caused by J-coupling of spms A and X along | axis but with the

20 same corresponding /5 coordinate values:

d s im(aSad g, ity ) ikt
51 = M e T I ) g
.— (S Sk W i {2 Y i,
2 ,A,(k 2 kS S, Wiy d—im ,)26’ W 1_3}

where .J; is the coupling constant between spins X and , and the chernical shift displacement

between spins X and 7 is ignored. Given V=V + V3, Vy and ¥, can be written as:
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where Aday 18 the chemical shift difference in ppm of the spins A and X, BW s 18 the
bandwidth in Hz of the shee-selective refocusing pulse. Therefore, the miensity of the

. , . . LY. S A,
miended J-resolved peaks will be weakened by a factor of 1~“f‘ (7,9}, It can be

TV refoons
concluded that a limited BW not only leads to additional J-refocused peaks but also reduces
the mtensities of the intended J-resolved peaks,

The slice profiles of the refocusing pulse of ‘gtat1 2037 used m JPRESS and the AFP
pulses used in J-resolved sLASER and J-resolved LASER sequences are shown in Figure 5.
Because the signal only exists in a very narrow bandwidth, & single AFP pulse (dot ling)
alone cannot be used for shee selection. As shown in Figure 5, a pair of AFP pulses (solid
line) had higher mtensity, a flatter top, steeper edges, and almost completely suppressed
sidelobes compared with the refocusing pulse “gist1203” (dash hne). Theretore, the pair of
AFP pulses provided improved slice profile than “gtst1203”. 1D experiments performed on
the GE MRS Braino phantorn showed that the signals of LASER and sLASER are larger than
the signal of PRESS at their respective shortest THs, although the THs used in the LASER
and sLASER sequences were 13 ms and 3 ms longer than the TE used in the PRESS
sequence, respectively,

Figures 6A-F show the 2D spectra obtained from the GE MRS Braine phantom using
JPRESS with TE starting at 27 ms (A}, I-resolved sLASER with TE starting at 30 ms (B);
and J-resolved LASER with TE starting at 39 ms (). J-resolved LASER and sLASER
sequences produced very similar 2D J-resolved spectra with the JPRESS spectrum. The 2D

Jresolved LASER and sLASER spectra showed almost the same pattern as the JPRESS
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specirumn.  The metabolites with coupled spin systems, i.e., Ghi, NAA, mi, and Lac {marked
m the Figures), vielded expected J-resolved peaks arranged at a 45° angle to /'y = 0 axis in the
25 specira. Because J-multiplet resonances spread into the sccond dimension, these -
resolved peaks were easier to be resolved in 2D I-resolved spectra than in 1D spectra.
Besides the similarity, differences between the Jresolved LASER and sLASER and
conventional JPRESS spectra demonstrated the strengths of J-resolved LASER and sLASER
over conventional JPRESS. Figures 6D-F represent the zoomed views of the Lac doublet at
1.32 ppm in the white boxes of the left column (Figs. 6A-C). The additional J-refocused
artifactual peaks (marked by the solid amrows) were promunent in JPRESS (Fig. 6Dy,
considerably reduced in J-resoived sLASER (Fig. 6E), and further reduced to a minimal fevel
m J-resolved LASER (Fig. 6F). The additional Frefocused peaks were strongest in JPRESS
and weakest in J-resolved LASER. In contrast, the intended F-resolved peaks, as rarked by
the dotted arrows, were the strongest in J-resolved LASER and the weakest in JPRESS. This
was verified by the guantified peak volumces in Table 1. Most of the J-muliiplets such as

NAA ml, Lac, and Glu can be clearly separated io the 2D spectra.

J-refocused peak J-resolved peak
vohume (.u.} volame (1.u.)
Experiments
Left Right feft Right
JPRESS 462 432 728 706
J-resolved sSLASER 313 253 &77 781
Jresolved LASER 166 136 892 835

Table 1 Peak volumes of additional J-refocused artifactual peaks vs. mtended J-resolved
peaks of Lac at £5=1.32 ppm in Fig. 6.

In Table 1, the J-refocosed peaks were smaller in Joresolved LASER than I-resolved

sLASER because the ¢, noise along the Fy axis was weaker in J-resolved LASER than that in
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the J-resolved sLASER. The # noise level increased with the signal amplitudes in the
specirnum (38}, In the case of the GE MRS Braino phantorn experiments, the level of the noise
along F, axis was mainly controlled by the amplitude of dominant residual water signal. The
residual water signal was strongest in the JPRESS spectrum and weakest in the J-resolved

5 LASER spectrum, which therefore brought about the strongest & noise in the JPRESS
spectrum and the weakest  noise 1o the J-resolved LASER spectrur {(see Fig. 6D-F). This is
also the reason that the total Lac peak volume {sum of the J-refocused peak volumes and J-
resolved peak volumes) was larger in the JPRESS spectram than those m the J-resolved
sLASER and J-resolved LASER spectra as shown in Table 1.

16 Stmilar with the Lac spectra in Figures 8A-F, the spectra of NAA phantom in Figures
7A-C alse shows additional J-refocused artifactual peaks {marked by the solid arrows) within
the double-of-doublets at 2.4 ppm in JPRESS. The 2D spectra of NAA at 2.20-2.75 ppm 1s
shown for JPRESS using low-BW pulses (Fig. 7A), Iresolved sLASER (Fig, 78), and J-
esolved LASER (Fig. 7Cy. In contrast, these artifactual peaks were barely scen in J-resolved

15 LASER and sLASER spectra. As a vesult, the mtended F-resolved peaks of the double-of-
doublets at 2.4 ppm (marked by the dashed arrows) were attenuated the most in JPRESS and
the fcast in the I-resolved LASER. The finding on the J-resolved peaks was verified by the
data shown in Table 2, which presents the gquantified volumes of intended J-resolved peaks of
the two double-of-doublets at 2.4 ppm and 2.6 ppm. In addition, eight additional peaks

20 {marked by the white dashed boxes) appearcd in the middie of the tweo double-of-doublets at
2.4 and 2.6 ppm in all three F-resolved spectra. The additional peaks resulted from strong J-
coupling between the two sping at 2.4 and 2.6 ppm (28-30). The strong-coupling artifacts of

NAA can also be seen clearly n the three J-resolved spectra of Fig. 6.

Peak volumes of double-of-doublets (from left to right in ¥ig. 7)
Experiments
o= 2.6 ppm Fr=24ppm
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JPRESS 0,039 0041 0089 0088 0061 0079 0042 0035

Jresolved sSLASER  0.055  0.670 0.091 0.082 0084 0080 0082 0.048

Jresolved LASER  0.058  0.068 0103 0.083 0053 0090 0.093 0.048

Table 2 Peak volumes of two double-of-doublets (intended J-resolved peaks) of
NAA at Fr, = 2.6 ppm and 2.4 ppro in Fig. 7 (normalized to NAA singlet peak volume at 2.0
ppm).

wn

Figures 8A-H demonstrate how the signals were attenuated with the change of center
frequency of RF pulses. Figures 8A-D) iHustrate the JPRESS spectra and Figures 8E-H the J-
resolved LASER spectra. The RF frequency offset was set to 2 ppm in Figures 8A and 8E, 4
ppm in Figures 88 and 8F, 6 ppm in Figures 8C and 8G, and & ppm in Figores 8D and §H.
10 The resonance intensities i PRESS were significantly attenuated as the RE frequency offset
was moved away from the frequencies of those resonance lines. However, the resonance
mtensities in J-resolved LASER were not attenvated when the RF frequency shifted within
the pulse BW.
Figures 9C-£ show 11y spectra acquired from a voxel encompassing the paricto-
15 occipital junction of a healthy volunteer (shown in Figures 9A and 9B} using JPRESS (C), I-
resolved sLASER (D) and JFresolved LASER (E} at their respective muinimum TEs.
Compared with JPRESS (Fig. 9C), the hpid/macromolecolar (MM) peaks at 0.9-1.6 ppm was
reduced in J-resolved sLASER (Fig. 9D) and further reduced in J-resolved LASER (Fig. 9E).
The bpid/MM peaks at 0.9, 1.3 and 1.6 ppm were strongest m PRESS and smallest n
23 LASER.
Figure 10 shows the m vivo 21 Jresolved spectra acquirted from the parieto-oceipital
junction of another bealthy velunteer using JPRESS (A), J-resolved sLASER (B} and [-
resolved LASER (C). Compared with the 2D spectra of the GE MRS Braino phantom in

Figures 6A-F, the n vivo 213 J-resolved spectra of the human brain had larger hnewidths as

]
h

well as more apparent “phase-twist” lineshape {7) cspecially in the singiet resonances of
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NAA, Cr, and Cho {marked by the arrows). Except for the above differences, the spectra
acquired from the human brain and the GE MRS phantom exhibited very similar 2D J-
resolved spectra, which further verified the feasibility of the proposed J-resolved LASER and
LASER sequences for in vive apphication. At least two differences were present among the
5 three J-resolved spectra of the human brain. One difference is demonstrated on the ipid/MM
peaks. Similar with Figures 9C-E, the Hpid/MM peaks were clearly secn in both JPRESS and
i-resolved sLASER spectra, but barely shown m the J-resolved LASER spectrum.
Furthermore, the hpid/MM peaks m the Jresolved sLASER spectrum (Fig. 108) were not
reduced distinetly compared with the JPRESS spectrum (Fig. 10A), because the shice close to
16 the scalp was defined by a regular slice-sclective 90° pulse in both sequences. In contrast, the
extracranial lipid due to CSDE was significantly suppressed in J-resolved LASER using three
pairs of AFP pulses for voxel localization. Another difference was found with regard to the
esidual water peak, which was most prominent in JPRESS, reduced in J-resolved sLASER
and smallest in J-resolved LASER. This observation was consistent with a recent report of
18 adiabatic localized COSY spectra (4. Decreased residual water and out-of-volume lipid/MM
signals will beunefit spectral quantification, especially for those metabolites with resonances

close to the strong “phase-twisted” water or hpid peaks.
Compared to the 2D I-resolved spectra of the GE MRS Braino phantom in Figores
6A-F, the metabolites in the human brain yielded very similar vesonances m Figure 10 {(see
20 marked metabolitesy and even those additional peaks of NAA due to strong J-coupling in
phantom spectra {(Figs. 6 and 7} were also clearly shown in the in vivo spectra. However, the
GE MRS Bramo phantorn only contained NAA, Cr, Cho, Glu, mi and Lac, while there are
known to be asbout 20 MRS-detectable metaboliies in the human brain. Some mctabolite
resonances still overlapped with one another in the in vive spectra, such as Glu resonances

25 with glutamnine {Ghn) resonances at 3.75 ppm, NAA with Gln at 2.45 ppm and aspartate (Asp)
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at 2.65 ppm. Quantification of 2D MRS spectra by peak volumes 1s known to require precise
selection of peak areas free from any overlap (30,32). Quantification can be further improved
by 2D fitting, such as ProFit (33). However, correlation matrix analysis revealed that two
mictabolites could not be reliably retrieved by quantitation algorithims if all the resonances of
5 one metabolite reside at the same locations in spectral space as those of the other metabolite
{34-36). For at least the above reasons, Jresolved LASER and J-resolved sLASER may
possess advantages over conventional JPRESS because suppression of CSDE and additional
Jrefocused artifactual peaks, as well as reduction of residual water peak and hipid/MM signals
can reduce the chance of overlap and thus improve the spectral quantification of 203 MRS
10 data.

The 2D spectra acquired in the phantom experiments showed additional T-refocused
peaks in JPRESS spectrom while these additional artifactual peaks were sigmificantly
suppressed in J-resolved LASER and sLASER spectra. (See Figs. 6 and 7). The additional J-

focused artifactual peaks doubled the number of peaks of weakly-coupled spin systems in
18 the 2D Jresolved spectrum and made the spectrum more erowded and thus more difficult to
resolve and quantify the metabolite signals. Furthermore, the infensitics of the mtended J-
resolved peaks were attenuated by the factor of (1— A//BW} (7-9). Quantification of JPRESS
spectra can be further impaired without correct consideration of this factor. The tmperfect flip
angle of last 180" RF pulse also led to additional artifactual peaks which are known as
20 “phantom” and “ghost” responses in heteromuclear J-spectra reported by Bodenhausen et al
{373 However, the “phantom” and “ghost” multiplets can be ehminated by phase cycling or
gradients, but the J-refocused peaks observed in the disclosure herein had the same coherence
transfer pathway as the J-resolved peaks and could not be removed by phase cycling or

gradients (7,37}
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In sum, compared with JPRESS, J-resolved LASER and J-resolved sLASER
significantly suppressed additional J-refocused artifactual peaks and reduced CSDE. While
SNR may potentially be lower in I-resolved sLASER and J-resolved LASER than JPRESS,
the J-resolved MRS methods disclosed herein provide advantages over PRESS, including
msensitivity to By inhomogeneity, the ability to provide uniforro flip angle over large BWas,
and suppression of chernical shift artifacts and additional J-refocused artifactual peaks.
Further, because suppression of CSDE and additional J-refocused artifactual peaks as well as
reduction of residual water peak and hpid/MM signals can significantly reduee the chance of
overlap, the spectral quantification of 2D MRS data can be traproved. These advantages

wake J-resolved LASER and Jresolved sLASER spectroscopy promising in the in vive
application for more reliable and accurate quantification of metabolites. For at least the
reasons described above, Fresolved LASER and f-resolved sLASER possess advantages over
conventional JPRESS.

An exemplary embodiment of the present invention has been described above. Those
skilied in the art will understand, however, that changes and modifications may be made to this
embodiment without departing from the true scope and spirit of the invention, which i defined

by the claims,
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CLAIMS
What is claimed:
1 In a magnetic resonance imaging (MRI) scanner systern, a computer-implernented

method comprising:

applyiag to an object fo the MRI scanner systern an excitation radio frequency (RF)
pulse;

after a delay time, 4y, from application of the excitation RF pulse, applying to the
obicct, a first pair of adiabatic full-passage (AFP) pulses, wherein the first pair of AFP pulses
are separated by an inter-pulse fime interval, Ay

applying to the object a sccond pair of AFP pulses, wherein the second pair of AFP
pulses are separated by a time of A2 + Ay + 71/2, wherein £ corresponds to an incremental
evolution period; and

acquiring an echo signal afier an echo tme (TE), wherein the length of TE

p

corresponds to the time from apphication of the excitation RF pulse to ¢,/2 from application of

a last AFP pulse.

2. The method of claim 1, further comprising acquiring a sequence of mteger N echo

signals, each signal acquired for a sequence of N TEH periods, wherem 1 is increased by Aty

for each of the T¥ periods.

3. The method of claim 1, wherein the excitation RF pulse is a non-adiabatic shice-

selective 90° RF pulse,

4. The method of claim 1, wherein cach AFP pulse is slice-selective.
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5. The method of claim 1, wherein application of the first and second pairs of AFP
pulses causes suppression of one or more of chemical shaift artifacts, J-refocused artifactual

peaks, and sensitivity to RF field inhomogencity.

6. The method of claim 1, further comprising:
simultaneoushy applying to the object a pair of magnetic field spoiler gradients (Gy)
along a first direction, a patr of magnetic field spoiler gradients (G, ) along a second direction,

and a par of magnetic field spoiler gradients () along a third direction, around each AFP

pulse.

7. The method of claim 6, wherein a first of the pair of magnetic field spoiler gradients
(Gy) along a first direction, a first of the pair of magnetic field spoier gradients ((,) along a
second direction, and a first of the pair of magaetic field spoiler gradients ((5,) along a third
direction arc cach appiied after an cxcitation delay time, Ay, from application of the excitation

RF pulse,

3. The methed of claim 6, wherein each pair of magnetic field spoiler gradients has a

time interval of A,.

9. In a magoetic resonance tmaging (MRI) scanner sysien, a computer-imaplemented
sethod comprising:
applying to an object in the MRI scanner system an excitation radio frequency (RF}
pulse;
after a delay time, A, from application of the excitation RF pulse, applying to the
object, a first pair of adiabatic full-passage (AFP) pulses, wherein the first pair of AFP pulses

are separated by an mter-putlse time interval, Ay;
34
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applying to the object, a second pair of AFP pulses, wheremn the second pair of AFP

applying to the object, a third pair of AFP pulses, wherein the third pair of AFP pulses
wherein #; corresponds to the incremental

2
et

pulses are separated by the time Ay;

are separated by a time of AY2 + Ay + ¢/
acquiring an ccho signal after a time #,/2 from application of a last AFP pulse.

evolution period; and
further comprising acquiring a sequence of mteger NV echo

The method of claim 9,

10.
signals, cach signal acquired for a sequence of N TE periods, wherein 1 18 tucreased by Aty

b of the TE perinds.

for eackh

slice-selective,

18

The method of claim 9, wherein the excitation RF palse s a non-shee-sclective 90°

11

RF pulse.
e method of claim 9, wherein cach AFP pulse 1

r}jiw

12. c
13. The method of claim 9, wherein application of the first, second and third pairs of AFP
pulses causes suppression of one or more of chemical shift artifacts, F-refocused artifactual
peaks, and sensitivity to RF field inhomogeneity.

he method of claim 9, further comprising:

14.

stmultancously applying to the object a pair of magnetic field spoiler gradients (Gy)

along a first ditection, a pair of magnetic field spotler gradients (G} along a second direction,

and a pair of magnetic field spoiler gradients {G;} along a third direction, around cach AFP

puise,
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15. The method of claim 14, wherein a first of the pair of magnetic field spoiler gradients
(Gy) along a first direction, a first of the pair of magnetic field spoiler gradients {Gy) along a

o~

second direction, and a fivst of the pair of magnetic field spotler gradients () along a third

direction are each applied after an excitation delay time, A, from application of the excitation

RF pulse.

16. The method of claim 14, wherein cach pair of magnetic ficld spoiler gradicnts has a

time mterval of As.

17. A magnetic resonance imaging (MRI) scanner system comprising:

One OF TNOTE ProCessors;

a memory;

a main magnet;

a phurality of gradicnt coils positioned in the main magnet;

an RF transceiver system;

an RF coil assembly;

a pulse module for transmitting signals to the RE coil assembly;

an RF switch controlled by the pulse module; and

machine-readable instructions stored in the memory that, when executed by the one or
more processors, cause the MRI scanner system to carry out functions including:

applying to an object in the MRI scanmer systern an excitation radio frequency

(RF) pulse;
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after a delay time, A;, from application of the excitation R¥ pulse, applying to
the object, a fivst pair of adiabatic full-passage (AFP) pulses, wherein the first pair of
AFP pulscs are scparated by an inter-pulse time interval, As;

applying to the object a last pair of AFP pulses, wherein the last pair of AFP
pulses are separated by a ume of Ay2 + Ay + ¢/2, wherem ¢ corresponds to the
meremental evolution period; and

acguiring an echo signal after a time /2 from application of a last AFP pulse.

18 The system of claim 17, wherein the excitation RF pulse is a non-adiabatic shce-

selective 90° RF pulse.

19, The system of claim 17, wherem the excitation RF pulse 18 a non-slice-selective 90°

RF pulse.

24 The system of claim 19, wherein the functions further comprise:
after apphication of the first pair of AFP pulses and prior to application of the last pair
of AFP pulses, applying to the object an intermediate pair of AFP pulses, wherein the

mtermediate pair of AFP pulses are separated by the time Ao

[

The system of claim 17, wherein the functions further comprise:

~ A

applying a main magoetic field having a magnitude of 3T or greater.

22. A nontransitory computer-readable medivm having instructions stored thereon that,
upon execution by onc or more processors of a magnetic resonance imaging (MR} scanner

systemn, cause the MRI scanner system to carry out functions comprising:
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applying o an object in the MRI scanner system an excitation radio frequency (RF)

puls

,
o
&

after a delay time, Ay, from application of the cxcitation R¥ pulse, applying to the
ohiect, a first pair of adiabatic full-passage (AFP} pulses, wherein the first pair of AFP pulses
are separated by an inter-pulse time interval, Ag;

applyving to the object a last pair of AFP pulses, wherein the last pair of AFP pulses
arg separated by a time of A2 + Ay + #/2, wherein #; corresponds o the incremental

evolution period; and

acquiring an echo signal after a time /2 from application of a last AFP pulse.

23, The nontransitory computer-readable medium of claim 22, wherein the excitation RF
i b

pulse is a non-adiabatic shice-selective 90° RF pulse.

24, The nontransitory computer-readable medium of claim 22, wherein the excitation RF

pulse 1s a non-shice-selective 90° RF pulse.

25, The vontransitory computer-readable medium of claim 24, wherein the functicns
fuorther comprise:
after application of the first pair of AFP pulses and priotr to application of the last pair

of AFP pulses, applying to the object an intermediate pair of AFP pulses, wherein the

termediate pair of AFP pulses are separated by the time A,

26, The vontransitory computer-readable medium of claim 25, wherein the functicns
further comprise:

applying a main magnetic field having a magnitude of 3T or greater.
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APPLYING TO AN OBJECT IN THE MRI SCANNER SYSTEM AN
EXCITATION RADIO FREQUENCY (RF) PULSE

AFTER A DELAY TIME, A, FROM APPLICATION OF THE EXCITATION
RF PULSE, APPLYING TO THE OBIECT, A FIRST PAIR OF ADIABATIC
FULL-PASSAGE (AFP) PULSES, WHEREIN THE FIRST PAIR OF AFP
PULSES ARE SEPARATED BY AN INTER-PULSE TIME INTERVAL, &,

o,

APPLYING TO THE OBIECT A SECOND PAIR OF AFP PULSES,
WHEREIN THE SECOND PAIR OF AFP PULSES ARE SEPARATED BY A
TIME OF A2/2 + Ay +1/2, WHEREIN ¢, CORRESPONDS TO THE
INCREMENTAL EVOLUTION PERIOD

A~

ACQUIRING AN ECHO SIGNAL AFTER AN ECHO TIME (TE), WHEREIN
THE LENGTH OF TE CORRESPONDS TO THE TIME FROM
APPLICATION OF THE EXCITATION RF PULSE TO 7/2 FROM
APPLICATION OF A LAST AFP PULSE

FIGURE 2
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'/ 300

310

APPLYING TO AN OBJECT IN THE MRI SCANNER 5YSTEM AN
EXCITATION RADIO FREQUENCY (RF) PULSE

AFTER A DELAY TIME, A;, FROM APPLICATION OF THE EXCITATION
RF PULSE, APPLYING TO THE OBJECT, A FIRST PAIR OF ADIABATIC
FULL-PASSAGE (AFP) PULSES, WHEREIN THE FIRST PAIR OF AFP
PULSES ARE SEPARATED BY AN INTER-PULSE TIME INTERVAL, Ay

A~

APPLYING TO THE OBIECT, A SECOND PAIR OF AFP PULSES,
WHEREIN THE SECOND PAIR OF AFP PULSES ARE SEPARATED BY
THE TIME A,

o,

APPLYING TO THE OBJECT, A THIRD PAIR OF AFP PULSES, WHEREIN
THE THIRD PAIR OF AFP PULSES ARE SEPARATED BY A TIME OF Ay/
24+ A+ + 172, WHEREIN 1, CORRESPONDS TO THE INCREMENTAL
EVOLUTION PERIOD

o,

ACQUIRING AN ECHO SIGNAL AFTER A TIME 7,/2 FROM
APPLICATION OF A LAST AFP PULSE

FIGURE 3
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FIGURE 4A

FIGURE 4B

FIGURE 4C
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