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Methods of performing a magnetic resonance analysis of a
biological object are disclosed that include placing the object
in a main magnetic field (that has a static field direction) and
in a radio frequency field; rotating the object at a frequency of
less than about 100 Hz around an axis positioned at an angle
of about 54°44' relative to the main magnetic static field
direction; pulsing the radio frequency to provide a sequence
that includes a phase-corrected magic angle turning pulse
segment; and collecting data generated by the pulsed radio
frequency. In particular embodiments the method includes
pulsing the radio frequency to provide at least two of a spa-
tially selective read pulse, a spatially selective phase pulse,
and a spatially selective storage pulse. Further disclosed
methods provide pulse sequences that provide extended
imaging capabilities, such as chemical shift imaging or mul-
tiple-voxel data acquisition.
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METHODS FOR MAGNETIC RESONANCE
ANALYSIS USING MAGIC ANGLE
TECHNIQUE

STATEMENT OF GOVERNMENT SUPPORT

[0001] This invention was made with United States Gov-
ernment support under Contract DE-AC0676RL.O1830 and
Grant 22342 KP-14-02-01 awarded by the U.S. Department
of Energy, by the National Institute of Biomedical Imaging
and Bioengineering under Grant 5 R21 EB003293, and by
Pacific Northwest National Laboratory Directed Research
and Development (LDRD) and Individual Research and
Development (IR&D). The United States Government has
certain rights in the invention.

FIELD

[0002] The present disclosure relates to magnetic reso-
nance (MR) analysis, particularly to magnetic resonance
spectroscopy (MRS) and imaging (MRI) of biological
objects.

BACKGROUND

[0003] Magnetic resonanceis a phenomenon exhibited by a
select group of atomic nuclei and is based upon the existence
of nuclear magnetic moments in these nuclei (termed “gyro-
magnetic” nuclei). When a gyromagnetic nucleus is placed in
a strong, uniform and steady magnetic field (a so-called
“external field” and referred to herein as a “static” magnetic
field), it precesses at a natural frequency known as a Larmor
frequency. The Larmor frequency is characteristic of each
nuclear type and is dependent on the applied field strength in
the location of the nucleus. Typical gyromagnetic nuclei
include *H (protons), *C, *°F and *'P. The precession fre-
quencies of the nuclei can be observed by monitoring the
transverse magnetization that results after a strong RF pulse
applied at or near their Larmor frequencies. It is common
practice to convert the measured signal to a frequency spec-
trum by means of Fourier transformation.

[0004] More specifically, when a bulk sample containing
nuclear magnetic resonance (NMR) active nuclei is placed
within a magnetic field, the nuclear spins distribute them-
selves amongst the nuclear magnetic energy levels in accor-
dance with Boltzmann’s statistics. This results in a population
imbalance between the energy levels and a net nuclear mag-
netization. It is this net nuclear magnetization that is studied
by NMR techniques.

[0005] At equilibrium, the net nuclear magnetization is
aligned parallel to the external magnetic field and is static. A
second magnetic field perpendicular to the first and rotating
at, or near, the Larmor frequency can be applied to induce a
coherent motion of the net nuclear magnetization. Since, at
conventional field strengths, the Larmor frequency is in the
megahertz frequency range, this second field is called a “radio
frequency” or RF field.

[0006] In particular, a short (microsecond) pulse of RF
radiation is applied to the sample in the static magnetic field;
this pulse is equivalent to irradiating at a range of frequencies.
The free induction decay (FID) in response to the RF pulse is
measured as a function of time. The response of the sample to
the pulse depends upon the RF energy absorption of the
sample over a range of frequencies applied (for example, S00
MHz+2500 Hz). Often the pulse is applied many times and
the results are averaged to improve the signal-to-noise ratio.
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[0007] The coherent motion of the nuclear magnetization
about the RF field is called a “nutation.” In order to deal
conveniently with this nutation, a reference frame is used
which rotates about the z-axis at the Larmor frequency. In this
“rotating frame” part of the RF field, which is rotating in the
stationary “laboratory” reference frame in the same direction
as the magnetization, is static. Consequently, the effect of the
RF field is to rotate the nuclear magnetization direction at an
angle with respect to the main static field direction. By con-
vention, an RF field pulse of sufficient length to rotate the
nuclear magnetization through an angle of 90° or 7/2 radians
is called a “m/2 pulse.”

[0008] A m/2 pulse applied with a frequency near the
nuclear resonance frequency will rotate the spin magnetiza-
tion from an original direction along the main static magnetic
field direction into a plane perpendicular to the main mag-
netic field direction. The component of the net magnetization
that is transverse to the main magnetic field precesses about
the main magnetic field at the Larmor frequency. This pre-
cession can be detected with a receiver coil that is resonant at
the precession frequency and located such that the precessing
magnetization induces a voltage across the coil. Frequently,
the “transmitter coil” employed for generating the RF field to
the sample and the “receiver coil” employed for detecting the
magnetization are one and the same coil.

[0009] Inadditionto precessing atthe Larmor frequency, in
the absence ofthe applied RF field, the nuclear magnetization
also undergoes two relaxation processes: (1) the precessions
of various individual nuclear spins which generate the net
nuclear magnetization become dephased with respect to each
other so that the magnetization within the transverse plane
loses phase coherence (so-called “spin-spin relaxation”) with
an associated relaxation time, T,, and (2) the individual
nuclear spins return to their equilibrium population of the
nuclear magnetic energy levels (so-called “spin-lattice relax-
ation”) with an associated relaxation time, T,. The spin-spin
relaxation is caused by the presence of small local magnetic
fields, arising from the electrons, magnetic nuclei, and other
magnetic dipoles surrounding a particular nucleus. These
fields cause slight variations in the resonance frequency of the
individual nuclei, which results in a broadening of the NMR
resonance line. Often this broadening is caused by two types
of local fields: a static component, which gives rise to a
so-called inhomogeneous broadening, and local fields which
are fluctuating in time as a result of molecular motions and
interactions between magnetic nuclei. The latter phenom-
enon results in a so-called homogeneous broadening.

[0010] Magnetic resonance imaging and magnetic reso-
nance spectroscopy are used extensively in biological
research and medicine, both for in vitro investigations of cells
and tissues and for in vivo measurements on animals and
humans. Both methods are non-invasive and non-destructive
and are used for a large variety of applications, including the
detection and diagnosis of lesions and diseases, and the evalu-
ation of therapy response. One particularly useful MRS tech-
nique is "H nuclear magnetic resonance (NMR) spectroscopy.
'H NMR spectroscopy has been used extensively to study
metabolic changes in diseased cells and tissues and the effects
of therapy. The resonance lines corresponding to several key
mobile compounds have been observed, and their spectral
intensities have been linked to the tumor phenotype, tumori-
genesis, tumor size, increased proliferation of cells, cell apo-
ptosis, and necrosis.
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[0011] However, a serious typically problem associated
with these applications is the relatively large widths of the
MR resonance lines that are observed using conventional
MRI and MRS. This reduces the MRI and MRS sensitivity,
and, for MRS, can result in severely overlapping spectral
lines, which can impede the analysis of the spectrum. It has
been established that in biological materials the line widths
are mainly caused by inhomogeneous broadening. In intact
cells and tissues, the possible mechanisms that broaden the
lines inhomogeneously include residual chemical shift
anisotropy interaction and local magnetic field gradients aris-
ing from variations in the bulk magnetic susceptibility at the
various compartment boundaries present in the cells and tis-
sues. It is believed in the art that the bulk magnetic suscepti-
bility variations are the main mechanisms responsible for the
broadening. Using cell extracts can eliminate this broaden-
ing, but this procedure cannot be applied in live subjects, it is
time consuming and may introduce spectral artifacts.

[0012] It is well known that the susceptibility broadening
and other inhomogeneous broadening mechanisms can be
eliminated by magic angle spinning (MAS), where the
sample is rotated about an axis with an angle of 54° 44' (or
cos™! (37?)) with respect to the static magnetic field direc-
tion. A problem with MAS is that when the value of the
spinning rate is small compared to the width of the broaden-
ing, the resonant peak splits into a group of spinning side-
bands (SSBs) separated by the spinning rate. If the value of
the spinning rate is less than the isotropic spectral width, the
analysis of the spectra becomes considerably difficult due to
the overlapping of the SSBs associated with the different
resonant peaks. This problem can be avoided by increasing
the spinning rate to eliminate the SSBs in the spectral region
of interest. Indeed it has been shown that fast MAS, where a
sample is rotated at a speed of several kHz, produces a sig-
nificant narrowing of the MR lines in cells and tissues (see
Weybright et al., Gradient, High-Resolution, Magic Angle
Spinning 'H Nuclear Magnetic Resonance Spectroscopy of
Intact Cells, Magnetic Resonance in Medicine 1998; 39:
337-345; and Cheng et al., Quantitative Neuropathology by
High Resolution Magic Angle Spinning Proton Magnetic
Resonance Spectroscopy, Proc. Natl. Acad. Sci. USA 1997,
94: 6408-6413). However, the large centrifugal force associ-
ated with such high spinning rates destroys the tissue struc-
ture and even part of the cells (see Weybright et al.). Conse-
quently, MAS at a high spinning speed is not suitable, for
example, to map the metabolite distribution in intact biologi-
cal tissues or to study live cells, and is impossible to use on
live subjects.

[0013] A possible way to overcome the problems associ-
ated with fast MAS is to use slow sample spinning. Many
methods have been developed in solid state NMR to eliminate
the spinning sidebands or to separate them from the isotropic
spectrum so that a sideband free isotropic chemical shift
spectrum is obtained. One approach is the so-called magic
angle turning (MAT) techniques, and sideband free isotropic
chemical shift spectra have been obtained in solids at spin-
ning rates as low as 30 Hz (Hu et al., Magic Angle Turning and
Hopping, in Encyclopedia of Magnetic Resonance D. M.
Grant, and R. K. Harris, Eds. New York: John Wiley & Sons:
1996, 2914-2921).

[0014] MAT is a two dimensional (2D) NMR technique
that was developed to determine the chemical shift tensors of
rare spins such as '>C and *°N in solids. There are basically
two types of MAT experiments. The first type (MAT-1) is
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based on the Magic Angle Hopping (MAH) experiment pio-
neered by Bax et al., Correlation of Isotropic Shifis and
Chemical Shift Anisotropies by Two-Dimensional Fourier-
Transform Magic-Angle Hopping NMR Spectroscopy, 1.

Magn. Reson. 1983; 52: 147. The second class (MAT-2)
involves the use of five radio frequency m pulses during a

constant evolution time period (e.g., one rotor period). MAT-2

techniques include the five & replicated magic angle turning

(FIREMAT) (Huetal., A Isotropic Chemical Shift-Chemical
Shift Anisotropy Magic Angle Slow-Spinning 2D NMR
Experiment, J. Magn. Reson. 1993; A 105: 82-87; and Alder-
man et al., 4 High Resolution High Sensitivity Isotropic and
Anisotropic Correlation Experiment, Molecular Physics
1998; 95(6): 1113-1126) and the 2D-phase-altered spinning
sidebands (PASS) techniques (Antzutkin et al., Tivo-Dimen-
sional Sideband Separation in Magic-Angle-Spinning NMR,.

J. Magn. Reson 1995; A115: 7-19). All of these experiments
are 2D isotropic-anisotropic chemical shift correlation
experiments yielding a high resolution isotropic chemical
shift dimension and a chemical shift anisotropy dimension.

Although MAT has been applied in solid state NMR (see Hu
et al., Magic Angle Turning and Hopping; Gan et al., High-
Resolution Chemical Shift and Chemical Shift Anisotropy
Correlation in Solids Using Slow Magic Angle Spinning, 1.

Am. Chem. Soc. 1992; 114: 8307-8309; Hu et al., Magic-
Angle-Turning Experiments for Measuring Chemical-Shifi-
Tensor Principal Values in Powdered Solids, J. Magn. Reson.

1995: A 113: 210-222; Hu et al., An Isotropic Chemical
Shift-Chemical Shift Anisotropy Magic Angle Slow-Spinning
2D NMR Experiment; Alderman et al., 4 High Resolution

High Sensitivity Isotropic and Anisotropic Correlation

Experiment; and Antzutkin et al., Tivo-Dimensional Sideband
Separation in Magic-Angle-Spinning NMR), its potential for
biological research has not been explored.

[0015] One of the reasons that MAT for biological objects,

as opposed to solid objects, has not been investigated is the
beliefthat the diffusion of the molecules containing the nuclei
ofinterest in the internal static local magnetic fields results in
a time-dependent field as experienced by the nuclei. This
effect worsens if the spinning frequency is reduced, resulting
in imperfect suppression of the SSBs. In other words, it was
expected that MAT techniques could not be employed in
biological materials because the Brownian motions, which
cause metabolites to diffuse throughout the cells, would make
it impossible to remove the susceptibility broadening with
slow MAS. Indeed, it was shown that in a standard fast MAS

experiment of water embedded in glass beads the spectral
lines become broad even at spinning speeds of several hun-
dred Hz (see Leu et al, Amplitude Modulation and Relaxation

Due to Diffusion in NMR FExperiments With a Rotating
Sample, Chem. Phys. Lett. 2000; 332:344-350), and that a
sideband-suppression technique called total suppression of
sidebands (TOSS) was ineffective for suppressing SSBs aris-
ing from water embedded in glass beads when the spinning
speed was lowered to 1 kHz (see Liu et al, Manipulation of
Phase and Amplitude Modulation of Spin magnetization in

Magic Angle Spinning NMR in the Presence of Molecular
Diffusion, J. Chem. Phys. 2001: 114: 5729-5734).

[0016] Another approach for increasing the sensitivity and
resolution of NMR spectroscopy involves rotating the mag-
netic field rather than the sample. According to this approach
the sample remains stationary. For example, Bradbury et al.,

Nuclear Magnetic Resonance in a Rotating Magnetic Field,
Phys. Letters 1968; 26A: 405-406, disclose rotating the static
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magnetic field by superposing a static field and two sinusoidal
fields in phase quadrature in the plane perpendicular to the
static field and with amplitudes that are a factor /2 larger than
that of the static component. A further development of this
technique for line narrowing in bulk samples has recently
reported (see Sakellariou et al., NMR In Rotating Magnetic
Fields: Magic-Angle Field Spinning, Magn. Res. Imaging
2005: 23(2): 295-299).

SUMMARY

[0017] The present disclosure provides methods for col-
lecting and using magnetic resonance data. In one embodi-
ment, the method involves performing a magnetic resonance
analysis of a sample. A sample is placed in a radio frequency
field and a magnetic field having a static field direction. The
sample or the magnetic field is rotated about a rotational axis.
In particular examples, the rotational axis is at an angle of
about 54°44" to the static direction. A region of the sample is
selected. The radio frequency is pulsed to provide a magic
angle turning pulse segment that includes at least two of a
spatially selective read pulse, a spatially selective storage
pulse, and a spatially selective phase pulse. Data generated by
the pulsed radio frequency representative of the selected
region of the sample is collected.

[0018] Insome implementations, a spatially selective radio
frequency pulse is applied in the presence of a magnetic field
gradient applied parallel to the static field direction. Rotation
of'the sample subsequently aligns the three mutually orthogo-
nal rotor axes with the magnetic field gradient, thus selecting
a voxel of interest. In more particular examples, pulsing the
radio frequency further includes applying one or more mag-
netic field gradients perpendicularly to the rotational axis,
such as a magnetic field gradient during each of the read
pulses, the phase pulses (which may be 180-degree pulses), or
the storage pulses. Applying such gradients may reduce
unwanted signals, such as signals from regions of the sample
remote from the voxel of interest.

[0019] Further disclosed methods include synchronizing a
magnetic field gradient with the rotation of the sample or the
magnetic field so that the sample can be treated as static in the
frame of the rotating magnetic field gradient. In various
examples, the rotating magnetic field gradient may be applied
during a read pulse, a phase pulse, or a storage pulse. The
magnetic field gradient can be applied either parallel or per-
pendicularly to the axis of rotation. In further examples,
selecting a region of the sample includes determining coor-
dinates of the selected region and the magnetic gradient is
synchronized with the rotation of the sample or the magnetic
field based on the coordinates. In a specific example, selecting
a region of the sample involves a first processor. The coordi-
nates are output to a second processor, which synchronizes
the magnetic gradient with the rotation of the sample or the
magnetic field.

[0020] In the above-described embodiments, the rotation
rate may be selected such that pulsing the radio frequency
may be treated as pulsing the radio frequency of a fixed
sample and a fixed magnetic field. In particular implementa-
tions, the sample is rotated at a rate of less than 100 Hz, such
about 10 Hz or less. In further implementations the rotation
rate of the sample is varied while a magnetic resonance analy-
sis is being performed.

[0021] Extended imaging capabilities are provided by fur-
ther embodiments of the present disclosure. Particular imple-
mentations include placing a sample in a radio frequency field
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and a magnetic field having a static field direction. The
sample or the magnetic field is rotated about a rotational axis.
In particular examples, the rotational axis is at an angle of
about 54°44" with the static direction. The radio frequency is
pulsed to provide a pulse sequence that includes a magic
angle turning pulse segment and an extended imaging
sequence. The extended imaging sequence may be, for
example, a chemical shift imaging sequence or a sequence
that allows a magnetic resonance analysis to be performed on
a plurality of regions of the sample. For example, a chemical
shift imaging sequence may include applying a frequency
selective read pulse. The multiple region selection sequence,
in a specific example, includes rephasing a read signal during
acquisition of the read signal and varying a magnetic read
gradient in order to generate a magnetic resonance analysis of
the plurality of regions of the sample.

[0022] In another embodiment, the method involves per-
forming a magnetic resonance analysis of a sample. A sample
is paced in a radio frequency field and a magnetic field having
a static field direction. The sample or the magnetic filed is
rotated about a rotational axis. In particular examples, the
rotational axis is at an angle of about 54°44" to the static
direction. A region of the sample is selected. The radio fre-
quency is pulsed to provide a magic angle turning pulse
segment that includes three read pulses spaced at one-third of
the rotor period of the sample rotation, three 180-degree
pulses for forming an echo and three projection pulses. One or
more of these RF pulses may be spatially selective. In a
particular implementation, all of the RF pulses are spatially
selective. Data generated by the pulsed radio frequency rep-
resentative of the selected region of the sample is collected.

[0023] The present disclosure also provides method for
using magnetic resonance data. Some embodiments provide
methods of diagnosing a condition or evaluating the effec-
tiveness of a therapy using magnetic resonance data. Accord-
ing to a particular implementation, a sample is placed in a
radio frequency field and a magnetic field having a static field
direction. The sample or the magnetic field is rotated about a
rotational axis. In particular examples, the rotational axis is at
an angle of about 54°44" with the static direction. A region of
the sample is selected. The radio frequency is pulsed to pro-
vide a magic angle turning pulse segment that includes a
spatially selective read pulse. The anisotropic susceptibility
broadening for a species present in the selected region is
determined. A condition is diagnosed, or a therapy evaluated,
based on the determined anisotropic susceptibility broaden-
ing.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] Certain embodiments will be described in more
detail with reference to the following drawings:

[0025] FIG. 1 is a perspective view of rotating a biological
object at the magic angle relative to the main static magnetic
field;

[0026] FIG. 2 is a schematic representation of a RF coil
configuration for electronically rotating the magnetic field;
[0027] FIG. 3 is a schematic representation of a device that
holds the biological object stationary and mechanically
rotates the magnetic field;

[0028] FIG. 4 represents one embodiment of a 2D-PASS
RF pulse sequence in accordance with the presently disclosed
methods;
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[0029] FIG. 5 represents one embodiment of a PHORMAT
RF pulse sequence in accordance with the presently disclosed
methods;

[0030] FIGS. 6A-6E schematically represent embodiments
of pulse sequences that combine MRI sequences with
2D-PASS sequences;

[0031] FIGS. 7A and 7B schematically represent embodi-
ments of pulse sequences that combine MRI sequences and
PHORMAT sequences;

[0032] FIG. 8 schematically represents a disclosed LOC-
MAT RF pulse sequence that uses rotating pulsed field gra-
dients;

[0033] FIG. 9 is a schematic representation of laboratory
frame and rotating frame axes employed in some methods of
the present disclosure;

[0034] FIG. 10 is a schematic illustration of a transformer
that can be used to convert laboratory frame parameters to
rotating frame parameters to be input to an instrument for
carrying out certain methods of the present disclosure;
[0035] FIG. 11 is a schematic representation of a modified
spin-echo imaging sequence which can be used to acquire a
scout image on a rotating object for use in conjunction with
the pulse sequence of FIG. 8;

[0036] FIG. 12 is a schematic illustration of how sample
rotation carries the rotating frame axes into the static z-gra-
dient;

[0037] FIG.13is aschematic representation of a LOCMAT
RF pulse sequence of the present disclosure which uses a
static z-gradient to select a voxel of interest;

[0038] FIG. 14 is schematic representation of an embodi-
ment of a PHORMAT RF pulse sequence that also provides
chemical shift imaging;

[0039] FIG. 15 is a schematic representation of an embodi-
ment of a PHORMAT RF pulse sequence that provides data
acquisition from multiple voxels;

[0040] FIG.16A shows a'H spectrum of a stationary carrot
obtained using conventional NMR techniques;

[0041] FIGS. 16B and 16C show, respectively, axial and
transverse images of the carrot obtained using conventional
MRI techniques;

[0042] FIGS. 16D and 16E show 'H spectra of the carrot
obtained using a disclosed LOCMAT RF pulse sequence;
[0043] FIGS. 16F-16I show isotropic (H and I) and aniso-
tropic projections (F and G) corresponding to the spectra of
FIGS. 16D and 16E;

[0044] FIG. 17A shows a coronal image of a stationary
mouse obtained using conventional MRI techniques;

[0045] FIGS. 17B-17E show 'H spectra of the mouse
obtained using a disclosed LOCMAT RF pulse sequence;
[0046] FIG. 17F shows a 'H spectrum of the mouse
obtained using a PASS RF pulse sequence;

[0047] FIG. 17G shows a 'H spectrum of the freshly
excised liver of the mouse obtained using a disclosed LOC-
MAT RF pulse sequence;

[0048] FIG. 18A shows a coronal image of a mouse
obtained using standard MRI techniques;

[0049] FIGS. 18B-18E show 'H spectra of the mouse
obtained using a disclosed LOCMAT RF pulse sequence;
[0050] FIG. 19A shows a coronal image of the sacrificed
mouse of FIG. 18 using standard MRI techniques;

[0051] FIGS. 19B-19D show 'H spectra of the sacrificed
mouse using a disclosed LOCMAT RF pulse sequence;
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[0052] FIG.20 shows a '"H MRI scoutimage ofa crab apple
obtained using a disclosed imaging sequence for spinning
samples;

[0053] FIG. 21A shows an optical image of the crab apple
of FIG. 20 and seeds from the crab apple;

[0054] FIG. 21B shows a MRI image of the rotating crab
apple obtained using a disclosed MRI sequence;

[0055] FIGS.21C and 21D show ‘H NMR spectra obtained
using conventional techniques and a disclosed LOCMAT
technique, respectively;

[0056] FIGS. 22A-22C show 'H MRI images of a mouse
obtained using a disclosed MRI sequence for rotating
samples;

[0057] FIG. 22D shows astatic 'H NMR spectrum the lung
of the mouse; and

[0058] FIGS. 22E and 22F show "H NMR spectra of the
mouse lung and liver, respectively, using a disclosed LOC-
MAT RF pulse sequence employing rotating pulsed field
gradients.

DETAILED DESCRIPTION OF SEVERAL

EMBODIMENTS
[0059] 1. Abbreviations
[0060] CHESS—chemical shift selective
[0061] DANTE—delays alternating with nutations for tai-

lored excitation

[0062] EPIl—echo-planar imaging

[0063] FIREMAT—five m replicated magic angle turning
[0064] LOCMAT—localized phase-corrected magic angle
turning

[0065] MA-—magic angle

[0066] MAH-—magic angle hopping

[0067] MAT—magic angle turning

[0068] MR-—magnetic resonance

[0069] MRI—magnetic resonance imaging

[0070] MRS—magnetic resonance spectroscopy

[0071] NMR-—nuclear magnetic resonance

[0072] PASS—2D-phase-altered spinning sidebands
[0073] PFG—pulsed field gradient

[0074] PHORMAT—phase-corrected magic angle turning
[0075] PRESS—point-resolved spectroscopy

[0076] RF—radio frequency

[0077] SNR-—signal to noise ratio

[0078] SSB—spinning sidebands

[0079] STEAM-—stimulated echo acquisition

[0080] TTL—transistor-to-logic

[0081] VOI—voxel (volume) of interest

[0082] WET—water suppression enhanced through T,
effects

[0083] II. Terms

[0084] Unless otherwise explained, all technical and scien-

tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
invention belongs. In the case of conflict, terms have the
meanings provided in the present disclosure. In order to
facilitate an understanding of the embodiments presented, the
following explanations are provided.

[0085] The singular terms “a,” “an,” and “the” include plu-
ral referents unless context clearly indicates otherwise. Simi-
larly, the word “or” is intended to include “and” unless the
context clearly indicates otherwise. The term “comprises”
means “includes.”

[0086] “Object” means a three-dimensional object such as
an intact animal, an animal organ, a solid object such as an
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archaeological artifact, a spectrographic sample such as a
tissue or cellular slice, a liquid non-biological material such
as an organic compound or a solid material such as an organic
powder sample.

[0087] “Fluid object” means an object that includes a sub-
stantial amount of fluid (such as greater than about 60 weight
%.), as opposed to a solid object. A typical example of a fluid
object is an intact human or a human organ that typically
includes at least about 80 weight % water.

[0088] “Biological object” means any object, usually a
fluid object, that includes cellular matter. Examples of bio-
logical objects include cell systems, excised tissues and intact
organs, live animals, and human patients.

[0089] “Main magnet” or “main magnetic field” denotes
the magnet that generates the static magnetic field (typically
referred to as B, or H,)) as known in the art. The main mag-
netic field is distinguished from the RF magnetic field used to
induce excitation of the atomic nuclei or the RF magnetic
gradient field used in magnetic resonance. Of course, MRS
and MRI tools that could be used with the described method
include a main magnet capable of producing the static and
homogeneous main magnetic field. Such magnets are well
known and typically are superconducting magnets.

[0090] “Water suppression” refers to techniques used to
reduce or eliminate signals due to water in a magnetic reso-
nance analysis or other presentation of magnetic resonance
data. For example, RF pulse sequences can be used in a water
suppression segment that suppresses SSBs caused by water in
a biological object. The water suppression pulse sequence
may be used for analysis of metabolite spectra. Without water
suppression these metabolite spectra may be polluted by arti-
ficial lines arising from SSBs of the water. Of course, water
suppression need not be employed such as when it is desired
to investigate the water peak or signal of a biological object.
[0091] An exemplary water suppression segment is a
DANTE pulse sequence as described, for example, in Morris
et al., Selective Excitation in Fourier Transform Nuclear
Magnetic Resonance, J. Magn. Reson., 1978; 29:433-462.
Another possible water suppression sequence is the known
combination of a shaped pulse segment and a pulsed field
gradient segment as described in Chen et al., Biochemical
Analysis Using High-Resolution Magic Angle Spinning NMR
Spectroscopy Distinguishes Lipoma-like Well-differentiated
Liposarcoma from Normal Fat, J. Am. Chem. Soc. 2001;
123:9200-9201.

[0092] Alternative methods for water suppression employ-
ing pulsed field gradients can be used that significantly
shorten the T values (see Chen et al., Biochemical Analysis
Using High-Resolution Magic Angle Spinning NMR Spec-
troscopy Distinguishes Lipoma-like Well-differentiated
Liposarcoma from Normal Fat, J. Am. Chem. Soc. 2001;
123:9200-9201) so that ahigher spinning rate can be achieved
with a some disclosed RF sequences.

[0093] The above definitions are provided solely to aid the
reader, and should not be construed to have a scope less than
that understood by a person of ordinary skill in the art or as
limiting the scope of the appended claims.

[0094] III. Overview

[0095] Disclosed methods of obtaining magnetic reso-
nance data employ magic angle spinning. Magic angle spin-
ning is based on exposing the object to a partially time-
dependent external magnetic field rather than the static
magnetic field B, currently used. Specifically, the magnetic
field consists of a static component with amplitude B,/|/3, and
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a component of amplitude B, mt;pgpepmrl; %5rlxmx, rotating
in a plane perpendicular to the static field component.
[0096] In some implementations, the slow magic angle
spinning involves spinning or rotating the object at a fre-
quency of less than about 100 Hz, preferably less than about
10 Hz, and more preferably less than about 3 Hz. An example
of'a range of possible rotating frequencies is about 1 to about
100 Hz, preferably about 1 to about 5 Hz. In contrast, standard
fast magic angle spinning employs frequencies on the order of
at least one kHz.

[0097] In further implementations, the object is “hopped”
over angles of 120° (e.g., 0-120 degrees, 120-240 degrees and
240-0 degrees, or 0-120 degrees, 120-240 degrees and 240-
360 degrees) around the magic axis rather than continuously
rotated. The time to complete one full rotation corresponds to
the rotation times when spinning continuously at a frequency
of less than about 100 Hz, preferably less than about 10 Hz,
and more preferably less than about 3 Hz. The RF frequency
may be pulsed to produce a high-resolution spectrum that is
substantially free of line broadening caused by the bulk mag-
netic susceptibility and the residual chemical shift interac-
tion. Illustrative MAH techniques and the accompanying RF
pulse sequences are described, for example, in Bax et al.,
Correlation of Isotropic Shifts and Chemical Shift Anisotro-
pies by Two-Dimensional Fourier-Transform Magic-Angle
Hopping NMR Spectroscopy, J. Magn. Reson. 1983; 52: 147;
Hu et al., Improving the Magic Angle Hopping Experiment,
Solid State NMR, 2, 235-243 (1993); and Hu et al., Magic
Angle Turning and Hopping, in Encyclopedia of Magnetic
Resonance D. M. Grant, and R. K. Harris, Eds. New York:
John Wiley & Sons: 1996, 2914-2921. A water suppression
RF pulse sequence as described above could also be used in
connection with MAH techniques.

[0098] Inyet further implementations, both the magnet and
the biological object remain stationary, and part of the mag-
netic field is rendered electronically time dependent such that
the overall magnetic field is rotated around the magic axis
with respect to the direction of the overall magnetic field at a
frequency of less than about 100 Hz, preferably less than
about 10 Hz, and more preferably less than about 3 Hz. An
example of a range of possible rotating frequencies is about 1
to about 100 Hz, preferably about 1 to about 5 Hz.

[0099] A suitable rotating magnetic field may be generated
as the superposition of a static field and two orthogonal sinu-
soidal fields in phase quadrature in the plane perpendicular to
the static field. The sinusoidal fields have amplitudes that are
a factor 2"/ larger than that of the static component. In par-
ticular, three RF coil configurations are used to produce mag-
netic fields in three mutually perpendicular directions. Apply-
ing a stationary current to one of the coils and quadrature
sinusoidal AC currents to the other two coils electronically
generates a rotating magnetic field. A magnetic field compo-
nent is generated that is rotated in a plane perpendicular to the
direction the static field component and with an amplitude
that is 2"/ times the amplitude of the static field component.
The resulting overall magnetic field rotates at a frequency of
about 1 to about 100 Hz, preferably about 1 to about 10 Hz,
with the angle between the static field direction and the direc-
tion of the overall rotating magnetic field being about 54°44'.
In other words, a magnetic field is created that rotates relative
to a stationary object. Furthermore, by making the amplitude
of the sinusoidal fields 2"/ times larger than the stationary or
static field, the resulting magnetic field rotates at the required
magic angle.
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[0100] Inadditional implementations, the biological object
remains stationary, and the magnet is physically rotated
around the magic angle with respect to the direction of the
main magnetic field at a frequency of less than about 100 Hz,
preferably less than about 10 Hz, and more preferably less
than about 3 Hz. An example of a range of possible rotating
frequencies is about 1 to about 100 Hz, preferably about 1 to
about 5 Hz.

[0101] Insomeimplementations, both the biological object
and the magnetic field are rotated in opposite directions, each
at a frequency of less than about 50 Hz, preferably less than
about 3 Hz, and more preferably less than about 2 Hz. An
example of a range of possible rotating frequencies is about
0.5 to about 50 Hz, preferably about 0.5 to about 2 Hz.
[0102] An example of a configuration for rotating the
object while the main static magnetic field is stationary is
shown in FIG. 1. A biological object 1 is placed in a sample
holder 2 that is rotatable about an axis 3 in a direction X
placed in a static magnetic field generated by a main magnet
(not shown) in a MRS or MRI tool. Axis 3 is located at an
angle of 54°44' relative to the direction of the static magnetic
field B,. MRS (e.g., NMR) and MRI apparatus capable of
rotating an object or sample for MAS are well known (see
e.g., U.S. Pat. No. 4,511,841). Commercially available NMR
tools that have rotors for spinning a sample include those
probes available from Varian/Chemagnetics, Inc. (Ft. Collins,
Colo.) or Bruker Instruments, Inc. (Billerica, Mass.).

[0103] Anexample of amagnet configuration for electroni-
cally rotating the magnetic field while the biological object is
held stationary is shown in FIG. 2. A complementary pair of
first RF coils 21 are arranged to generate an alternating mag-
netic field B, in the x-direction, given by B,=%4-B,-sin(w,1).
A complementary pair of second RF coils 22 are arranged to
generate a static magnetic field B, in the y-direction, given by
B,=B,/3. A complementary pair of third RF coils 23 are
arranged to generate an alternating magnetic field
B.=/%Bycos(w,t). DC and AC currents passing through
each set of coils 21, 22, 23 produce three mutually orthogonal
magnetic field components. A biological object 20 is placed
in the center of the coil system. As a result, the overall mag-
netic field is given by B, which rotates around an axis making
the magic angle of 54°44' relative to the static component B,
[0104] An example of a configuration for physically rotat-
ing the magnet while the biological object is held stationary is
shown in FIG. 3. A magnet bore 10 defines a void 11 for
receiving a biological object (e.g., a human) 12 and a longi-
tudinal axis 13. The longitudinal axis 13 of the magnet bore
10 is aligned at the magic angle of 54°44' relative to the
direction of the main magnetic field B,. The main magnetic
field B, is generated by the magnet bore 10. The magnet bore
10 may be rotated mechanically around the longitudinal axis
13 as shown by the directional arrow in FIG. 3.

[0105] Some of the embodiments described herein involve
rotating both the biological object and the main magnetic
field in respectively opposite rotational directions. In such
examples, the device depicted in FIG. 2 or FIG. 3 can be
modified so that the biological object also rotates. Such rota-
tion allows for the rotational frequency of both the biological
object and the main magnetic field to decrease by a factor of
two.

[0106] The RF radiation used in the pulse sequence of the
presently disclosed methods can be generated by RF coils in
a MR apparatus as known in the art. The RF pulse sequencing
may be generated by techniques known in the art. For
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example, most modern NMR and MRI spectrometers have
pulse programmers and amplifiers that are capable of produc-
ing the sequences.

[0107] The data for generating a spectrographic analysis
based on the disclosed method can be collected by the same
coil used for generating the RF radiation, or by a separate
receiver coil. A graphical representation of the collected data
may be generated by techniques known in the art such as, for
example, software programs available on most modern NMR
and MRI spectrometers.

[0108] Magic Angle Turning

[0109] RF pulse sequences employed in the presently dis-
closed methods may include a sequence or series of
sequences capable of producing a high-resolution spectrum
in a slow MAS approach that is substantially free of spinning
sidebands. The RF pulse sequences can be repeated during
every rotor period (i.e., one 360° rotation of the object)
throughout the duration of the scanning. A typical character-
istic of these RF pulse sequences may be isotropic-anisotro-
pic chemical shift correlation pulse sequences. Exemplary RF
pulse sequences include MAT sequences. These RF pulse
sequences preferably can be applied synchronously with the
spinning of the object. A combination of RF pulse sequences
that each have a different function may be used.

[0110] Oneexample of a MAT technique thatcould beused
in the disclosed methods involves continuously rotating the
biological object and applying five RF m pulses during a
constant evolution time period (e.g., one rotor period). A
pulse rotates the magnetization over 180°.

[0111] Anillustrative five RF &t pulses technique is the five
w replicated magic angle turning (FIREMAT) as described,
for example, in Hu et al., An Isotropic Chemical Shifi-Chemi-
cal Shift Anisotropy Magic Angle Slow-Spinning 2D NMR
Experiment, J. Magn. Reson. 1993; A 105: 82-87; and Alder-
man et al., 4 High Resolution High Sensitivity Isotropic and
Anisotropic Correlation Experiment, Molecular Physics
1998; 95(6): 1113-1126. Another illustrative five RF m pulses
technique is the 2D-phase-altered spinning sidebands (PASS)
technique as described, for example, in Antzutkin et al., Tiwo-
Dimensional Sideband Separation in Magic-Angle-Spinning
NMR,. J. Magn. Reson 1995; A115: 7-19). One variant of a
2D-PASS segment is shown in FIG. 4. All of these experi-
ments are 2D isotropic-anisotropic chemical shift correlation
experiments yielding a high resolution isotropic chemical
shift dimension and a chemical shift anisotropy dimension.
[0112] A further example of a particularly useful MAT
technique is known as phase-corrected magic angle turning
(PHORMAT) as described, for example, in Hu et al., Magic-
Angle-Turning Experiments for Measuring Chemical-Shifi-
Tensor Principal Values in Powdered Solids, J. Magn. Reson.
1995: A 113:210-222 and Hu et al., Magic Angle Turning and
Hopping, in Encyclopedia of Magnetic Resonance, D. M.
Grant and R. K. Harris, Eds. New York: John Wiley & Sons:
1996, 2914-2921. Similar to 2D-PASS, PHORMAT involves
continuously rotating the object with RF pulses spaced at
one-third of the rotor period in order to obtain an isotropic
shift evolution. According to the PHORMAT technique, echo
pulses are incorporated into the pulse sequence in such a way
that the magnetization refocuses exactly, despite the modula-
tion of the chemical shift by the rotation of the sample. In
particular, two pulse sequences are employed that are derived
from a combination of mixed-amplitude-phase-modulated
and triple-echo sequences. These sequences have the effect of
converting phase modulation to amplitude modulation, cre-
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ating the equivalent of positive and negative evolution times
by placing the 180° echo pulses either before or after the three
phase-accumulating periods.

[0113] With either PASS or PHORMALT the isotropic peak
can be separated from the SSB’s at all spinning speeds, and
the linewidth is substantially narrowed even at a spinning
speed as low as about 1 Hz.

[0114] In PASS the magnetization is constantly present in
the transverse plane, and the first signal is observed after one
rotor period. The amplitude of the signal may be reduced as a
result of the decay of the magnetization during this period,
which is governed by the spin-spin relaxation time T,. There-
fore, signal attenuation may occur when the spinning rate is
comparable to or less than (T,)™ .

[0115] In PHORMAT the magnetization is stored longitu-
dinally along the main field direction with a maximum dura-
tion of %4 times the rotor period. Consequently, the spinning
frequency has to be large compared with the spin-lattice
relaxation rate (T,)™! of the spins in order to avoid signal
attenuation. Lower MAS frequencies can be used with
PHORMAT relative to PASS since (T,)~" is usually an order
of magnitude smaller than (T,)™" in biological objects. For
example, PASS is particularly useful for spinning frequencies
of greater than about 10 Hz, especially at least about 20 Hz,
and PHORMALT is particularly useful for spinning frequen-
cies of less than about 10 Hz (e.g., about 1 Hz to 50 Hz). A
further distinction between PHORMAT and PASS is that the
measuring time of a PASS analysis can take only a few min-
utes, but the measuring time of a PHORMAT analysis can
take up to one hour or more. Yet another distinction between
PHORMAT and PASS is that ina PHORMAT experiment the
NMR sensitivity is reduced by at least an inherent factor 4
relative to PASS.

[0116] Certain embodiments of the present disclosure
employ RF pulse sequences which are related to the modified
PHORMAT sequence depicted in FIG. 5. The 90° pulses
labeled (I), (II) and (IIT) are synchronized to ¥ of the rotor
cycle by marking the rotor evenly with three precision marks
that are mutually 120° apart. An optical detector is used to
generate transistor-to-transistor logic (TTL) pulses associ-
ated with these markers, which serve as trigger pulses for the
RF pulse sequences. The presence of the markers means that
the spinning speed has to be stable only for a short period of
time, i.e., during one rotor period. The position of the rotor
with respect to the external field may differ by 0°, 120° or
240° at the beginning of each evolution increment. In the case
of an anisotropic object, such rotor positioning may create
distortions in the spectra as well as a loss in sensitivity. This
issue can be overcome by putting a single extra marker on the
rotor and using a second optical generator to generate a TTL
pulse associated with this marker to trigger the beginning of a
PHORMAT sequence.

[0117] A 90° pulse (I) is substituted for the cross-polariza-
tion component to rotate the magnetization in a plane perpen-
dicular to that of B,. A DANTE pulse sequence segment was
employed immediately before the last pulse (III) to suppress
the water signal. The DANTE pulse sequence was inserted by
switching the carrier frequency to the center of the water peak
prior to the start of the DANTE sequence and then switching
this frequency back to its original value at the end of the
DANTE segment. The first two 90° pulses (1) and (II) are
delayed by the time T of the DANTE segment applied before
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the third readout pulse (II1). This delay is instituted to separate
the three read pulses (I, II, and III) by exactly Y5 of the rotor
period.

[0118] InFIG. 5the 90° pulses are denoted in black and the
180° pulses are denoted in gray. The phase cycling for the
initial 90° pulse labeled by “a” is (-y, +y) while the phase
cycles for the rest of the pulses (p;, p,, by, b, and b;) are the
same as those described in Hu et al., Magic-Angle-Turning
Experiments for Measuring Chemical-Shift-1Tensor Principal
Values in Powdered Solids, J. Magn. Reson. 1995: A 113:
210-222. The parameter A denotes half of the echo time. The
use of 180° pulses, placed before (+) of after () the three
phase accumulation periods significantly improves the base
plane of the 2D spectra and produces a spinning sideband-
free isotropic spectrum directly as a projection onto the evo-
lution axis without shearing. The time variables t, and t,
correspond to the evolution and acquisition dimension,
respectively. The bottom trace is the TTL signal generated by
the optical sensor of the MAS probe.

[0119] Some embodiments of the present disclosure pro-
vide MRI (including localized MRS) methods that may be
enhanced by using localized slow magic angle turning tech-
niques disclosed herein. In this instance, the biological object
is also subjected to pulsed magnetic fields that can produce
gradients in the main magnetic field in the X, Y, and Z direc-
tions. These methods provide the ability of obtaining nuclear
magnetic resonance data concerning a specific predetermined
region or space (such as a voxel) of the biological object
rather than the whole object.

[0120] Indisclosed methods directed to obtaining magnetic
resonance data from a slice or voxel of interest, signals from
outside the region of interest are typically reduced by apply-
ing gradients to select signals from the region of interest. In
further embodiments, signals from outside the region of inter-
est can be saturated with RF radiation. In particular imple-
mentations, saturation outside the region of interest is
employed in conjunction with spatially selective pulses and
magnetic gradients.

[0121] Oneexample of combining MAT with MRIinvolves
applying a MAT sequence as described above to a biological
object rotating around the magic axis to obtain a NMR spec-
trum by generating magnetic field gradients rotating synchro-
nously with the object and preceding the MAT sequence with
volume selective RF and gradient pulses such as point
resolved surface spectroscopy (PRESS) (see Bryant et al.,
Spatial Localization Techniques for Human MRS, Biomedi-
cal Magnetic Resonance Imaging and Spectroscopy (Young,
ed. Wiley, New York, pp. 785-791 (2000)). U.S. Pat. No.
4,301,410 describes a system and process for generating
magnetic field gradients that rotate synchronously with an
object. Specific illustrations of combining MRI sequences
with slow MAT sequences are depicted in FIGS. 6 A-6E and 7.
FIGS. 6A-6E show various examples of imaging pulse
sequence combined with a PASS sequence. FIGS. 7A and 7B
show pulse sequences that include a PHORMAT sequence.
[0122] FIG. 6A shows a 2D imaging pulse sequence com-
bined with a PASS sequence. The 7/2 pulse is a sinc selective
pulse applied in the presence of the gradient G,. Gradients G,
G, and G, are rotating synchronously with the sample rotation
so that in the sample frame the gradients are static. The
gradient coils themselves are not required to rotate since the
rotating gradients may be obtained electronically with ac
currents through the coils, similar to the way a rotating B,
field is produced electronically. G, is the slice selection gra-
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dient along the rotor axis. G, is the readout gradient along the
rotor x axis. Gy is the phase encoding gradient along the rotor
y axis. For water suppression, a CHESS sequence (Haase et
al., "H NMR Chemical Shifi Selective (CHESS) Imaging,
Phys. Med. Biol. 1985;30:341-344; Dreher etal., Changes in
Apparent Diffusion Coefficients of Metabolites in Rat Brain
After Middle Cerebral Artery Occlusion Measured by Proton
Magnetic Resonance Spectroscopy, Magn. Reson. Med.
2001; 45:383-389 can be used to replace the DANTE seg-
ment.

[0123] FIG. 6B depicts a 2D chemical shift imaging pulse
sequence utilizing a PASS sequence. The only difference with
the 2D-MRI-PASS sequence shown in FIG. 6A is that the
readout gradient G, is replaced by a phase-encoding gradient
in the same direction.

[0124] FIG. 6C shows an example of a 3D imaging pulse
sequence combined with the PASS method. Gradients G, G,
and G, are rotating synchronously with sample rotation so
that in the sample frame the gradients are static as described
above in connection with FIG. 6 A. G, is the phase encoding
gradient along the rotating axis, G, is the phase encoding
gradient along the rotor y axis, and G, is the readout gradient
along the rotor x axis. For water suppression, a CHESS
sequence can be used to replace the DANTE segment.

[0125] FIG. 6D illustrates a 3D chemical shift imaging
pulse sequence using a PASS sequence. The only difference
with the 2D-MRI-PASS sequence shown in FIG. 6C is that
the readout gradient G, is replaced by a phase-encoding gra-
dient in the same direction.

[0126] FIG. 6E shows an example of volume-selected
localized magnetic resonance spectroscopy (MRS) using
PASS. G,, G, and G, are rotating gradients that are rotating
synchronously with the sample rotation as described above in
connection with FIG. 6A. After the DANTE sequence, a
tailored excitation sequence (Ernst et al., Principles of
Nuclear Magnetic Resonance in One and Two Dimensions,
Oxford University Press Inc., New York, 1997, p. 557) is
applied such that the RF spectrum is essentially white except
for a dip. Simultaneously, a x-gradient is applied. As a result,
the sequence provides out of voxel saturation, as all volume
elements are saturated except for a slice perpendicular to the
x-axis. Then the tailored excitation is repeated in the presence
of'a y-gradient. As a result, only a tube perpendicular to the
y-axis is not saturated. Finally, a selective sinc 90° pulse is
applied in the presence of a z-gradient and a volume is there-
fore excited. For water suppression, a CHESS sequence can
be used to replace the DANTE segment. Similar suppression
sequences can be employed in other disclosed methods, such
as PHORMALT, including localized PHORMAT (LOCMAT)
sequences.

[0127] FIG. 7A shows a LOCMAT sequence using rotating
gradients. Sequence (a) is the basic PHORMAT sequence that
includes the trigger (b), where the pulses located at (I, IT and
IIT) positions are sinc selective pulses in the presence of
gradients (c¢) (analogous to the stimulated echo acquisition
(STEAM) sequence, see ] Frahm et al., J. Magn. Res. 72, 502
(1987)). The black pulses are non-selective 90° pulses and the
shaded pulses are non-selective 180° pulses. The gradients
labeled with “*” are spoil gradients used to destroy any mag-
netization that is left in the transverse plane after the black
pulses. The (c) pulsed gradients are rotating synchronously
with the object. Hence G,, G, and G, are static in a reference
frame rotating synchronously with the object as described
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above in connection with FIG. 6 A. For water suppression, a
CHESS sequence can be used to replace the DANTE seg-
ment.

[0128] FIG. 7B depicts a LOCMAT sequence using a static
gradient. Sequence (a) is the basic PHORMAT sequence that
includes the trigger (b), where the pulses located at (I, I and
IIT) positions are sinc selective pulses applied at the presence
of gradient pulses (c). The black pulses are non-selective 90°
pulses and the shaded pulses are non-selective 180° pulses.
Only the static z-gradient needs to be used since the three sinc
pulses are located 120° around the circle of sample rotation
provided that the rotation axis (MA) is along the magic angle
as illustrated in (d). The gradients labeled with “*’ are spoil
gradients used to destroy any magnetization that is left in the
transverse plane after the black pulses. For water suppression,
a CHESS sequence can be used to replace the DANTE seg-
ment.

[0129] Some implementations of LOCMAT employ a plu-
rality of spatially selective RF pulses. FIG. 8 illustrates an
example of a LOCMAT sequence having spatially selective
sinc 90° read pulsesr, r,, r5; 180° phasing (projection) pulses
by, b,, by; and 90° storage pulses p,, p,, ps. Making pulses
spatially selective can reduce t; noise. In some examples, not
all pulses need be spatially selective. For example, some
methods include at least two of spatially selective read, phase,
and storage pulses. Furthermore, not all of a given type of
pulse need be spatially selective in a particular pulse
sequence. Thus, pulse sequences can include, for example,
spatially selective read pulse and non-spatially selective read
pulses. Such pulse sequences may be of particular interest
when both isotropic and anisotropic data is of interest.
[0130] Like the sequence of FIG. 7A, the sequence of FIG.
8 includes rotating pulsed field gradients applied during the
read pulses in order to isolate a particular voxel of interest.
However, the FIG. 8 sequence includes additional pulsed field
gradients applied during the spatially selective phase and
storage pulses.

[0131] Thephase, or projection, pulses are used to allow the
2-D spectrum to be phased, rather than being limited to the
data being displayed in absolute-value mode. As in the
PHORMAT technique, the 180° () pulses positioned before
(+) and after (=) the three phase-accumulation periods have
the effect of converting phase modulation to amplitude modu-
lation, allowing the 2-D spectrum to be properly phased.
[0132] Thepulse sequence of FIG. 8 also includes suppres-
sion sequences to reduce signals that might otherwise inter-
fere with data of interest. For example, the pulse sequence can
include chemical shift suppression or water suppression
sequences. In a particular example, the sequence includes
single-pulse CHESS (chemical shift suppression) and
4-pulse WET (water suppression enhanced through T,
effects) water suppression sequences, as shown in FIG. 8.
Crusher gradients, not shown, may be generated to destroy
remaining magnetization during these periods.

[0133] As shown in FIG. 9, both G,, and G, are a linear
combination of X' and y', where x' and y' define the axes in the
rotating frame that is synchronized with sample rotation. In
the rotating frame that is synchronized with sample rotation,
the slice positions and the directions of G,, and G,,, are con-
stant. In order to implement the rotating pulsed field gradients
in the pulse sequence, only the angle of ¢ need be synchro-
nized with sample rotation. The value of ¢ for subsequent
gradients may be calculated based on the time points of the
gradients and the sample rotation speed.
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[0134] In some examples the rotating gradients are imple-
mented by synchronizing the timing of the gradient pulses
with the sample rotation. In such examples magnetic gradi-
ents are applied in the laboratory frame during specific ori-
entations of the sample.

[0135] Further examples use rotating gradients that are syn-
chronized with the rotation of the sample and are thus appear
fixed relative to the sample. A suitable rotational transforma-
tion can be used to transform coordinates from the laboratory
frame to the rotating, sample-fixed, frame. The transforma-
tion employs the instantaneous sample rotor phase ¢,.
[0136] Many existing instruments can implement rotating
magnetic gradients because the sample appears stationary in
the rotating frame. Conventional pulse sequences can thus be
used on such instruments, as can resident volume planning
software. However, the present disclosure provides apparatus
and methods for carrying out the rotational transformations
on instruments not otherwise capable of carrying out a suit-
able transformation.

[0137] In some embodiments, the instrument is interfaced
with a transformer device that includes a processor, a
memory, and acommunications interface. The magnetic reso-
nance instrument may be interfaced with the transformer
using any suitable protocol, such as, for example, USB, serial,
parallel, SCSI, IRDA, RS232, SPI, RJ45, wireless protocol,
or PS/2 connections. The memory includes an algorithm for
conducting the rotational transformation. The algorithm is
processed by the processor, which may any suitably fast pro-
cessor, including those used on personal computers and
microcomputers, including processors available from Intel,
Corp. of Santa Clara, Calif., or Sun Microsystems, Inc., of
Santa Clara, Calif.

[0138] As shown in FIG. 10, gradient patterns and rotor
phase information is transmitted from the instrument to the
transformer. The transformer transmits transformed rotating
frame patterns to the current amplifiers of the instrument. In
particular examples, rotor phase feedback is transmitted to
the transformer instead of the instrument, which can simplify
interfacing and help make the transformation insensitive to
rotation rate instability. In more particular examples the trans-
former includes gain and offset adjustments for each gradient
input or output. The transformer may include the option to
bypass the transformation algorithm. FIG. 10 also illustrates
a matrix that can be used to carry out the rotational transfor-
mation.

[0139] In some embodiments, a scout image is used to
select a voxel of interest and determine the appropriate
parameters for the LOCMAT pulse sequence. FIG. 11 illus-
trates a modified 2D spin-echo MRI pulse sequence that can
be used to acquire a scout image on a slowly rotating sample.
[0140] In FIG. 11, an imaging plan perpendicular to the
axis of sample rotation is selected by the gradient G, which
is applied during the 90° and 180° sinc pulses. Sample rota-
tion has no effect on G,,. The frequency encoding gradient
G and the phase encoding gradient G, select mutually per-
pendicular slices that are also perpendicular to the slice
selected by G,,. In order to reduce motion blurring on the
image, the refocusing gradient of G, is applied immediately
prior to the G, gradient. The G,,, gradient is applied concur-
rently with the G,, gradient. If the rotation speed is suffi-
ciently slow, and the lengths of both G,,, and G, are sufficient
short, a nearly static image can be produced.

[0141] A fixed mark, such as a black or white mark, on the
sample rotor in conjunction with an optical transmittal and
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receiver can be used to generate a TTL signal that triggers the
start of the first gradient pulse in G . In FIG. 11, t, indicates
the time from the trigger point to the middle of the G,,
gradient and can be used to define the initial value of ¢. The
scout image also allows selection of a slice of interest and
provides a value for G . Conventional spectrometer planning
routines can be used to determine G,,,, G, and initial values
of' 8, and 1 for a particular voxel.

[0142] Further implementations of LOCMAT use a static z
(laboratory frame) gradient, rather than rotating pulsed field
gradients. FIG. 12 illustrates how a single z-gradient can be
used to localize a voxel of interest. Rotation of the sample
aligns each of the three mutually-orthogonal sample-fixed
directions with the laboratory z axis (B,) direction. The rotor
axis defines the [1,1,1] direction of the rotor-fixed coordi-
nates. This means that a z-gradient in the laboratory frame
((G,)o), when applied at each third of a rotor period (when the
excitation pulses r,-r; are applied), is automatically trans-
formed into three orthogonal gradients in the frame rotating
synchronously with the rotor. Hence, using frequency-selec-
tive sinc excitation pulses allows a voxel (the black box in
FIG. 13) to be selected for a rotating object in a manner
similar to the selection of a voxel in a stationary object using
the STEAM technique, so long as the volume’s [1,1,1] axis is
coincident with the rotor axis direction.

[0143] An example of LOCMAT sequence using a fixed
z-gradient is shown in FIG. 13. The gradient pulse duration is
typically selected to be short compared with the rotor period.
This condition is typically satisfied in the disclosed methods
as the gradient pulse is typically a few milliseconds and the
rotor period is typically several hundred milliseconds.

[0144] As with the sequence of FIG. 8, the static gradient
sequence of FIG. 13 employs spatially selective read, phase,
and storage pulses. The phase and storage pulses are applied
in the presence of an oblique laboratory frame gradient (G,);,
oriented along the rotor axis. The phase and storage pulses
thus select the grey slice shown in FIG. 13, reducing signals
arising from outside the voxel of interest. The slice thickness
can be chosen to reduce signals coming from beyond a par-
ticular region of interest. In particular examples, the slice
selected by (G,); is chosen to be about 1.4 times the size of the
voxel selected by (G);, so that the boundaries of the slice are
touching the corners of the voxel.

[0145] In particular implementations, carrying out a LOC-
MAT measurement includes first performing a one-time MRI
procedure to define the rotor axis in the laboratory gradient
frame. This rotor axis definition will remain valid as long as
the sample (probe) is repositioned in the same location. A
static volume of interest is then defined by standard means,
such as acquiring MR images for the stationary sample and
then using graphical voxel-of-interest planning software.
Suitable software includes programs used for the PRESS and
STEAM techniques.

[0146] After the voxel of interest is defined, the static coor-
dinates are transformed into a set of dynamic, rotor-phase-
synchronized laboratory x coordinates for use in the pulse-
sequence input. These spatially selective excitation input
parameters are analogous to the static PRESS and STEAM
methods. While the voxel-of-interest will be centered at the
same position as the voxel in the planning image, the orien-
tation of the voxel is defined by the rotor axis that defines its
[1,1,1] axis.
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[0147] Variable Rotation MAT Techniques

[0148] Some methods of the present disclosure employ
variable speed rotation of the sample and/or magnetic field.
Generally, it can be advantageous to use the largest spinning
speed that a sample can tolerate in order to reduce T, -induced
signal loses. However, constant rotator speed techniques typi-
cally are limited by the sum of the duration of all the events in
a particular sequence. For example, disclosed sequences,
such as PHORMAT and LOCMAT sequences, include com-
paratively lengthy CHESS and WET sequences. Such dis-
closed sequences may have a maximum speed of 6 Hz. In
particular, signal loss can occur for events with short evolu-
tion times, but comparatively long lock times.

[0149] Accordingly, the disclosed methods can include
rotation rates that vary during each rotation period, thus
potentially allowing the overall rotation period to be short-
ened. In atleast some implementations, the rate of rotation for
aparticular event is selected to the lock period is constant and
comparatively short for a particular evolution step. Varying
the rotation speed may also reduce t; noise generated by
changing signal losses during various lock periods when a
constant spinning rate is used.

[0150] Varying the rotational speed may be implemented in
any of above rotational regimes, including embodiments
using one or more of a rotating sample, a rotating magnet, an
electronically rotating magnetic field.

[0151] Anisotropic Susceptibility Broadening

[0152] At least some of the disclosed methods allow both
anisotropic and isotropic data to be collected from a sample.
Comparing the line widths of the anisotropic and isotropic
spectra determines the anisotropic susceptibility broadening.
Analysis of particular signals, such as signals produced by
particular metabolics, can be of diagnostic value. For
example, lipid methyl peaks from in vivo measurements of rat
livers exhibit narrower lines in animals with hepatocarino-
genesis. Narrower line widths can sometimes be attributed to
malignancy, such as in sera of subjects with hepatopancreato-
biliary disorders.

[0153] In some applications, LOCMAT is used to deter-
mine lipid concentrations and compositions. Changes in lipid
profiles have implicated in health-impacting processes such
as diabetes, hepatitis, tumor growth and malignancy, toxic
responses to drugs, apoptosis, and phospholipidosis induced
by inhaled airborne pollutants. It can be difficult to obtain
useful information from global measurements, such as NMR
spectroscopy, on sera or urine because of the general response
of lipid contents and compositions. LOCMAT makes it pos-
sible to measure metabolite profiles, as well as anisotropy
patterns, directly in the area of interest in a live animal, which
can significantly increase the diagnostic value of NMR spec-
troscopy. In addition, fast-MAS measurements on excised
tissues have been used to improve the evaluation of toxic
effects of drugs. LOCMAT is not limited to lipid investiga-
tions, as the concentrations and changes of other metabolites
can be investigated. In some embodiments chemical shift
suppression is employed, such as suppression of the lipid 1.3
ppm methylene intensity to reduce T, noise arising from this
relatively large peak.

[0154] MAT Techniques Providing Extended Imaging
Capabilities
[0155] In some embodiments, the present disclosure pro-

vides MAT techniques with extended imaging capabilities.
Such MAS techniques include the PHORMAT and LOCMAT
techniques. In particular implementations, extended imaging
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capabilities are realized by using all or part of acquisition time
for purposes other than just observing signal decay. In par-
ticular, isotropic information generated during the evolution
time can be collected.

[0156] FIG. 14 illustrates a modified PHORMAT sequence
that also provides chemical shift imaging. The read pulses
r,-r5, phase pulses b, -b;, and storage pulses p,-p; are gener-
ally as described in conjunction with the pulse sequence of
FIG. 5. However, the read pulse r, is a spatially selective pulse
applied in conjunction with the slice selection gradient G,
The modified PHORMALT sequence of FIG. 11 also includes
a phase encoding gradient G, applied during one of the peri-
ods A. A readout gradient G, is applied during the acquisition
time t,. The inclusion of the phase encoding and readout
gradients allow for chemical shift imaging of the sample. This
method may be particularly useful when signal averaging will
be used to enhance the signal to noise ratio, as then the
single-voxel and CSI measurements may use comparable
measuring times.

[0157] FIG. 15illustrates a modified PHORMAT sequence
adapted to provide multiple-voxel signal acquisition. The
read pulses r, -1, phase pulses b, -b,, storage pulses p,-p;, and
slice selection gradient G, are as described for the pulse
sequence shown in FIG. 11. FIG. 12 further includes an echo
planar imaging-like sequence applied during time t,. The EPI
sequence includes a series of & pulses to reduce dephasing of
the signal due to the different offset frequencies of the spec-
tral lines. The EPI sequence also includes a phase encoding
gradient G, and a frequency encoding gradient G,. Ina further
implementation, the y-gradient is switched after several =
pulses rather than after each pulse. The echoes from each set
of'pulses can be combined to obtain both isotropic and aniso-
tropic data.

[0158] The specific examples described below are for illus-
trative purposes and should not be considered as limiting the
scope of the appended claims.

EXAMPLE 1
LOCMAT Using a Static Pulsed Field Gradient
Sample Preparation

[0159] The protocols for the in vivo studies were approved
by Pacific Northwest National Laboratory Animal Review
Board. Ten, ~70 day old female BALBc mice with a body
weight of about 20 g were used for the LOCMAT experi-
ments. Prior to spinning, the animals were anesthetized with
a mixture of 0.3 ml Xylazine at a concentration of 20 mg/ml
and 1.0 ml of Ketamine at a concentration of 100 mg/ml. The
cocktail mixture was then administered by intraperitoneal
injection at 1.4 ml/kg mouse body weight. The anesthesia
lasted for 1.5-2.5 hr. When anesthetic takes effect the eyes of
the animals are lubricated to prevent them from drying out.

[0160] The mouse was then placed in a special mouse
holder that fits inside a rotor with an inner diameter of 34 mm
that was part of a mouse-MAS-imaging probe. The residence
time of a mouse in the magnet was no longer than 120 min-
utes, wherein fresh air and cooling were provided to promote
survival. At the end of each test period the mouse was allowed
to recover in a heated space and then returned to a home cage.
Previous studies indicated that the mice could tolerate spin-
ning speeds at least up to 8 Hz and at least up to 40 minutes
without any apparent problems. The LOCMAT experiments
were performed at a MAS speed of 4 Hz. All mice survived
this procedure, with the exception of one animal that died
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shortly after removal from the rotor. The reason for its death
is unknown, but it appears to be unrelated to spinning, since
all other mice survived, many after being subjected to higher
spin speeds.

Experimental

[0161] Details about the experimental set-up are described
in Wind et al., “High Resolution 'H NMR Spectroscopy in a
Live Mouse Subjected to 1.5 Hz Magic Angle Spinning,”
Magn. Reson. Med. 50: 1113-1119 (2003). All experiments
were carried out in a 2 Tesla 30 cm horizontal bore magnet
equipped with a Varian UnityPlus console extended with MR
imaging capabilities. This field strength corresponds to a
proton Larmor frequency of 85 MHz. For in vivo LOCMAT
the mouse-MAS probe was inserted into a gradient assembly
with an inner diameter of 12 cm. The mouse position in the
rotor is fixed, which means that only the section of the mouse
body inside the 4 cm long NMR coil could be used for the
experiments. The probe was not equipped with animal moni-
toring sensors.

[0162] Measurements

[0163] The following procedures were used for the in vivo
LOCMAT experiments. Shimming was performed on a static
sample containing water. In this way only the static field
inhomogeneities arising from sources outside the rotor
(mainly the external field) were compensated. As explained
before, is typically not performed on the mouse or the VOI in
the mouse, since then the external shim coils can produce
macroscopic gradients to compensate the susceptibility gra-
dients. Since the shim gradients are static and MAS elimi-
nates the susceptibility gradients in the isotropic dimension of
the 2D spectrum, shimming on the mouse would mean that
the isotropic lines are broadened by the residual shim gradi-
ents. The mouse is then imaged while it is stationary, with the
rotor in a known position. Next, the VOI is selected and used
to determine the gradient offset frequencies and amplitudes to
select the same VOI in a rotating animal and the slice with the
projection and refocusing pulses, following the procedure
outlined above.

[0164] All LOCMAT 2D data on the mice were acquired
using 35 t, values incremented by 1.667 ms, corresponding to
an evolution spectral width of 600 Hz and a maximum evo-
Iution time of 58 msec. For each t; value the LOCMAT (+)
and (-) sequence was acquired, each with 32 phase-cycling
steps given in Hu et al, “Sensitivity-enhanced Phase Cor-
rected Ultra-slow Magic Angle Turning Using Multiple-Echo
Data Acquisition,” J. Magn. Reson. 163: 149-162 (2003). The
recycle delay time was 0.5 sec, the echo time A was 2 msec
(measured from the center of the 180° pulse), and the acqui-
sition time was 0.3 sec. All pulses were sinc pulses with
duration 1.5 msec. The resulting total experimental time was
approximately 40 minutes. Water suppression was applied
during both the first and the second magnetization storage
periods of the pulse sequence using 1-pulse CHESS and
4-pulse WET with total durations of 12 and 46 ms, respec-
tively, c.f. FIG. 13.

[0165] As the duration of each LOCMAT sub-sequence has
to fit within one rotor period, it follows that with these param-
eters a maximum MAS speed of about 6 Hz can be used. In
order to reduce the stress of spinning upon the animals, a
MAS speed of 4 Hz was employed. Complex 2DFT with
8192x1024 points was performed. Gaussian line broadening
with characteristic times of 0.05 and 0.1 s were applied prior
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to FT along the acquisition and the evolution dimensions,
respectively, broadening the isotropic lines by about 0.5 Hz.
[0166] In order to estimate the signal reduction during the
recycle delay and the rotor period, the T, value of the largest
lipid peak associated with the chain methylene protons was
measured in freshly excised mouse liver (see below). In the 2
Tesla field this value was 220 ms. Assuming that the same
value is found in vivo, this means that the 0.5 sec recycle delay
reduces the signal by about 10% and that the 250 msec rotor
period causes an additional reduction of maximal 50% (this
arises for short evolution times, c.f. FIGS. 5 and 13).

[0167] TheT, values ofthelines arising from other metabo-
lites and other lipid functional groups have not been mea-
sured. However, in excised rat liver it was found that in a 7
Tesla field the lipid methylene line exhibits the shortest T,
value, and that the T, values of the other lines can increase by
as much as a factor 2. If the same trend occurs in vivo, the used
recycle delay would increase the signal attenuation to maxi-
mal 30% whereas the signal attenuation during the rotor
period is reduced to minimal 30%.

Results

[0168] Phantom Sample

[0169] In order to evaluate the localization efficacy of
LOCMAT and possible impact of sample rotation during the
spatially selective RF and gradient pulses on the spectral
quality, LOCMAT experiments were carried out on a phan-
tom sample consisting of a rotor containing a large carrot into
which a hole was drilled with its axis perpendicular to the
rotor axis. A tube with an inner diameter of approximately 4
mm and filled with Silicone sealant was inserted into this
hole.

[0170] FIG. 16A shows the spectrum of the whole sample
situated within the NMR coil, obtained with a simple single-
pulse experiment without spinning, water suppression, or
volume selection. Two lines can be distinguished, one around
4.9 ppm arising from the water in the carrot and a much
smaller line (~a factor 30 smaller in height) around 0 ppm
arising from the sealant. FIGS. 16B and 16C show the axial
and transverse image of the sample, respectively, displaying
the location of the insert (the apparent shift of the sealant
along the readout direction is the well-known image distor-
tion arising from the chemical shift difference between the
water and silicone lines).

[0171] Inorderto measure the impact of the sample motion
on the spectral quality, LOCMAT experiments were carried
out on two 4x4x4 mm? voxels in the Silicone cylinder near the
rotor wall and in the middle of the sample, respectively. If the
sample rotation during the pulsed field gradients were impor-
tant, it may produce increased distortions in the spectrum of
the voxel in the periphery. FIGS. 16D-161 show the LOCMAT
results. No water suppression was applied, the MAS speed
was decreased to 2.5 Hz in order to reduce the chance that the
spinning centrifuges the water out of the carrot, and the num-
ber of t; increments was increased to 100, increasing the
measuring time to 2.2. hrs. The other parameters were the
same as given above.

[0172] FIGS. 16D and 16E show the LOCMAT 2D spectra
obtained in both voxels. The various spectral lines were dis-
tributed along the diagonals of the spectra, indicated by the
dotted lines, with the isotropic information along the F,
dimension and the combined isotropic and anisotropic infor-
mation along F,. The intensities outside the diagonal along
the F, direction near F, values of 4.9 and O ppm constitute the
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t, noise described above, arising from Silicone and water
signals outside the voxel (the average t, noise associated with
the water and Silicone signals is a factor 7 and 4 larger than
the thermal noise, respectively). However, as only the signals
along the diagonal are relevant, in this case the contribution of
the t; noise in the area of interest, i.e., the area around the
diagonal, is small. However, this noise can become relevant
and even dominating the thermal noise in areas close to the
peaks causing the t; noise, especially when the anisotropy
broadening is large.

[0173] The t, noise contributions in the 2D spectra of both
voxels were very similar, indicating that for the described
experimental conditions the rotation of the sample during the
volume and slice selection has little or no impact on the
spectral quality. This also follows from FIGS. 16F and 16G,
where the anisotropic projections of the 2D spectra of both
voxels are given, and FIGS. 16H and 161, where the corre-
sponding isotropic spectra are displayed. In order to obtain
the latter spectra the diagonal in the 2D spectrum was rotated
over 45° to a direction parallel to the F, axis, thus eliminating
the isotropic information along the F, direction, and a slice
was taken parallel to F, through the resulting signal maxima.
[0174] In all spectra small additional lines around 0.8, 1.1,
and 3.3 ppm, arising from the Silicone sealant were observed.
Also, the water intensities in the spectra were significantly
suppressed, especially in the isotropic spectra, indicating that
the volume selection works properly: the residual water inten-
sity in the isotropic spectra is about a factor 5 less than the 0
ppm Silicone line, which in its turn is approximately a factor
5 less than that of the whole Silicone cylinder, and as the latter
signal is a factor 30 less than the water line. Thus, it follows
that LOCMAT suppresses the outside water signal by a factor
of 750.

[0175] In Vivo and Ex Vivo LOCMAT on a Mouse

[0176] Invivo phase-sensitive 85 MHz ‘H LOCMAT MR
spectra were obtained in 8x8x8 mm?> and 6x6x6 mm> voxels
in the liver and a 10x10x10 mm? voxel around the heart of a
mouse subjected to 4 Hz MAS. FIG. 17 shows the results
obtained in the liver. FIG. 17A shows the MR coronal image
of the mouse with the selected 8x8x8 mm> voxel. FIG. 178
displays the PHORMAT 2D spectrum. The signal informa-
tion along the diagonal is approximately inside the area indi-
cated by the dotted boundary, and the intensities outside this
area depict the t; noise.

[0177] FIG.17C shows the anisotropic projection, and FIG.
17D shows the isotropic spectrum, both obtained in the same
way as the corresponding spectra of the phantom sample. The
spectra are dominated by signals arising from mobile lipids,
and the line assignments are: 1: Lipids CH; terminal; 2: Lip-
ids —CH,—CH,—CH,—; 3: Lipids CH,CH,CO; 4: Lipids
CH—CH—CH,—CH,; 5: Lipids —CH,—CH,—COO; 6:
Lipids CH—CH—CH,—CH—CH; 7: Choline, Betaine
methyl; 8 (~3.4-3.8 ppm): glucose and glycogen.

[0178] FIG. 17E shows the susceptibility broadening asso-
ciated with the lipid methylene line 2, obtained by taking a
slice parallel to the F, axis at F;=1.3 ppm. The broadening
resembles an axially symmetrical tensor and has a width of
about 0.6 ppm. The width and shape of this pattern may
provide information about the geometries and susceptibilities
of the various compartments inside the VOI responsible for
this broadening. The isotropic line width of line 2 is about
0.16 ppm. It follows that even in the relatively low 2T field a
substantial line narrowing of about a factor 4 is obtained with
PHORMAT.
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[0179] FIG. 17F shows the isotropic spectrum obtained ex
vivo with 300 MHz ' H 40 Hz PASS on freshly excised mouse
liver tissue. The spectrum closely resembles the in vivo spec-
trum shown in FIG. 17D. The spectral resolution in the ex
vivo spectrum is better than in the in vivo spectrum, which is
due to the higher field employed. In principle the isotropic
line width is independent of the field strength so the separa-
tion between the lines is proportional to B,. This means that
if in vivo LOCMAT had been performed in a 7T field, the
spectrum should exhibit a resolution at least as good as the ex
Vivo one.

[0180] Finally, FIG. 17G shows the isotropic LOCMAT
spectrum obtained under identical conditions as the one
shown in FIG. 5D, but now with a 6x6x6 mm?® VOI in the
liver, with the same center as the 8x8x8 mm?> voxel. Although
similar features can be observed as in spectrum 5D, the
smaller lines in the spectrum become similar in magnitude to
the noise, so that in the liver a VOI of 200-500 pul was chosen
in order to obtain a spectrum with an adequate SNR. The
noise in the isotropic spectra consists mainly of t; noise that
leaked into the area of interest. It was found that the noise in
the isotropic spectrum was a factor 3-5 larger than the thermal
noise measured in parts of the 2D spectrum that were free of
t, noise. Hence, if the t, noise can be reduced to values small
compared with the thermal noise, the minimum VOI could be
reduced to values of 100 pl or less.

[0181] FIG. 18A shows the image of a different (live)
mouse and the 10x10x10 mm?® VOI containing the heart and
part of the lung. FIGS. 18B-18E present the corresponding
proton LOCMALT results. A comparatively large volume was
chosen to ensure that the beating heart stayed within the VOI.
[0182] FIG. 18B displays the 2D spectrum. As in the liver
spectrum, lipids also dominate this spectrum, but in contrast
to liver the anisotropic lines are much broader and display
several maxima. These lines are illustrated in FIGS. 18C and
18D, where the anisotropic projection (C) and the anisotropic
line associated with the 1.3 ppm lipid methylene line (D) are
given. The overall width of the latter spectrum is close to 2
ppm and exhibits two maxima at 0.5 and 1.6 ppm.

[0183] Itisunlikely that these maxima arise from intra- and
inter-myocellular lipids in the heart muscle, as the chemical
shift difference between these maxima is significantly larger
than that reported in other muscles. Instead, the susceptibility
pattern is likely due to the relatively large susceptibility dif-
ference between the heart and the surrounding lung cavity.
The pattern’s shape may reflect the shape and orientation of
the heart and heart components. For example, in a theoretical
and experimental investigation of susceptibility broadenings
induced in water contained in plastic compartments of difter-
ent shapes, it has been reported that broad lines (with a width
up to 8 ppm) and many different shapes (including shapes
exhibiting two maxima for cubic water shells) can result.
[0184] The isotropic spectrum of the heart is shown in FIG.
18E. This spectrum was obtained by rotating the diagonal
again and projecting a 2 ppm wide band in the 2D spectrum
onto the F, axis. The lipid lines display single maxima, and
the spectrum resembles that of the liver. The width of the
isotropic 1.3 ppm lipid methylene line is about 0.2 ppm, and
it follows that LOCMAT narrows this line by a factor 10.
[0185] As mentioned before, the LOCMAT experiment is
not triggered to the cardiac or respiratory motions, and during
each LOCMAT sequence the heart beats several times. The
overall susceptibility pattern does not appear to be changing
significantly during the contraction and expansion of the
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heart or the lung, as otherwise the susceptibility broadening
would not be averaged out at the start of an acquisition. In
fact, the isotropic line is only 0.04 ppm broader than the
corresponding line in the liver, indicating that the spectra are
only slightly blurred as a result of the cardiac and/or respira-
tory motions. However, the isotropic spectrum contains sig-
nificantly larger contributions from the t; noise than the cor-
responding spectrum in the liver. The t, noise is due to the
large width of the lipid methylene line along the F, dimen-
sion, as this also increases the width of the spurious signals
responsible for the t; noise and, henceforth, the ‘leakage’ of
this noise into the diagonal area of the 2D spectrum contain-
ing the signal information. This effect can seen by comparing
the 2D spectra and the t, noise in FIGS. 16D, 16E, and 17B,
where the widths of the anisotropic lines and, henceforth the
t, noise, gradually increase.

[0186] In order to evaluate the impact of cardiac, respira-
tory, and other motions in the animal on the LOCMAT per-
formance, similar experiments were performed on a dead
mouse, a few hours after sacrificing the animal by CO,
asphyxiation. The results are shown in FIG. 19. FIG. 19A
shows the MR image, and FIGS. 19B, 19C, and 19D display
LOCMAT spectra obtained in 8x8x8 mm> voxels in the liver
(VOI1inFIG. 19A) and the heart (VOI 2), and a 4x4x4 mm®
voxel in the muscle area of the front leg (VOI 3), that also
contains body fat (the latter experiment was not carried out in
vivo). The top spectra display the overall anisotropic projec-
tions, the middle spectra are the isotropic spectra, and the
lower spectra denote the anisotropy spectra corresponding to
the 1.3-ppm lipid methylene lines.

[0187] AsshowninFIGS.17and 19, the in vivo and ex vivo
liver spectra are similar. The same is true for the t; noise
contributions, indicating that at least first order motions do
not cause this noise. The situation is different for the heart.
Although the in vivo and ex vivo isotropic spectra are similar
again (albeit with a slightly better spectral resolution in the ex
vivo spectrum), the broad multi-maxima susceptibility pat-
terns have disappeared in the ex vivo spectra. In fact, their
spectral shapes are similar to the ones obtained in the liver.
Hence the susceptibility gradients are significantly reduced,
probably as a result of post mortem lung deflation and partial
filling of the lungs with fluids.

[0188] Finally, the results obtained in the muscle/fat voxel,
FIG. 19D, show that it is possible to measure an isotropic
spectrum with adequate SNR in a voxel as small as 64 pul. The
anisotropic broadening is relatively small, at least a factor 2
smaller than that observed in the liver and the heart, resulting
in decreased t, noise. At present t, noise is the limiting factor
in the LOCMALT sensitivity and not thermal noise.

Discussion

[0189] This example illustrates that excellent volume
selection is obtained and that, in a live mouse even without
respiratory or cardiac triggering in a 2 T magnetic field, the
widths of metabolite lines in the liver and the heart are
reduced by a factor 4 and 10, respectively. This spectral
resolution should further improve in higher fields.

[0190] This enhanced spectral resolution makes it possible
to analyze the metabolic content in arbitrary areas in the body
in much more detail than is generally possible without spin-
ning. Moreover, an additional unique feature of the LOCMAT
methodology is that the anisotropic susceptibility broadening
is determined for the individual metabolite lines. These sus-
ceptibility patterns could be of additional biomedical value.
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[0191] In excised liver and other tissues, both the anisotro-
pic and isotropic line widths decrease with increasing post
mortem time, presumably as a result of tissue degradation.
The same phenomenon might occur in vivo as aresult of, e.g.,
necrosis in a tumor. In vivo LOCMAT can provide additional
information to improve the diagnosis of disease or the evalu-
ation of therapy efficacy. Susceptibility patterns of the heart
metabolites may be sensitive to the health status of the lung
and/or heart.

[0192] Respiratory- and/or cardiac-triggered LOCMAT
may be used to further reduce the t, noise in motion-sensitive
areas and to measure the anisotropy patterns of the heart
during the systolic and diastolic intervals. The anisotropy
patterns might be of additional medical significance. Ifthe t,
noise can be reduced to values below the thermal noise,
LOCMAT onVOIs of 50-100 pl in arbitrary areas in live mice
in the 2 T field are possible. VOIs may become as small as 10
pulina 12 T field.

EXAMPLE 2
LOCMAT Using Rotating Pulsed Field Gradients

[0193] To select a particular voxel, a 2D scout image with
its image plan perpendicular to the axis of sample rotation
was acquired. Such a scout image can be acquired using the
modified version of a standard 2D spin-echo MRI pulse
sequence given in FIG. 11 on a slowly rotating sample.
[0194] An example is illustrated in FIG. 20 using a crab
apple and a sample spinning rate of 1.5 Hz. The slice thick-
ness of the imaging was 2 mm. In FIG. 20, a seed and air
spaces inside the apple are clearly seen without significant
motion blurring.

[0195] The performance test of LOCMAT using rotating
pulsed field gradients is demonstrated in FIG. 21 using a crab
apple. The diameter of the crab apple (FIG. 21A) is roughly
20 mm. The apple contains two seeds (the seeds were pictured
after the study when the apple was crushed and seeds taken
out). The dimension of one seed is about 2.6 mm, as shown in
FIG.21A. The rotating scout planning image is shown in FIG.
21B (same as FIG. 20).

[0196] The LOCMAT technique was performed using the
sequence shown in FIG. 8. The echo time (A) and the recycle
delay times were 850 us and 1 s, respectively. The free-
induction decays in the acquisition dimension (t,) contained
3008 complex points and were transformed to spectra with a
spectral width of 5 kHz. The 2D data were collected using 30
t, steps, incremented by 1.667 ms, corresponding to a maxi-
mum evolution time of 50 ms and an evolution spectral width
0of'600 Hz. 2D data sets were acquired with the (+) and the (-)
LOCMALT pulse sequences, shown in FIG. 8, using a total of
64 scans for each t; value. The sinc 90° and 180° pulse width
was 600 pus. Water suppression was achieved using CHESS
during the first lock period “L” and “WET” during the second
lock period “L.”. The sample spinning rate was 1.5 Hz.
[0197] FIG. 21C shows the water suppressed localized 'H
NMR spectrum of the seed on a static sample using a voxel
size of 2.6x2.6x2.6 mm®. This spectrum was obtained using
the first increment of the LOCMAT sequence in FIG. 5. FIG.
21C is essentially featureless containing a broad lipid peak.
[0198] On the other hand the rotating PFG LOCMAT spec-
trum, shown in FIG. 21D, shows remarkable resolution
enhancement. This spectrum was obtained at a sample spin-
ning rate of 1.5 Hz and a voxel size of 2.6x2.6x2.6 mm?>. The
lipid methyl group at about 0.9 ppm is well separated from the
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lipid long chain CH, protons at 1.28 ppm. Also many other
peaks located between 1.5 and 4 ppm are observed.

[0199] The rotating PFG LOCMAT technique was also
applied to a mouse. As before, a rotating oblique scout image
was acquired at the location of the liver. MRI images were
acquired using the pulse sequence in FIG. 11 and at sample
spinning rates of 1.5 Hz and 4 Hz. Static 'H NMR spectrum
were recorded for the localized voxel at the lung with a voxel
size of 6x6x6 mm?>. The rotating PFG 'H LOCMAT spectrum
at the liver was acquired with voxel size of 5x5x5 mm> a
sample spinning rate of 4 Hz. The LOCMALT spectra were
acquired using similar experimental parameters as those
given in used in the experiment summarized in FIG. 21,
except 30 t; increments were acquired for FIG. 22(e) and 23
t, increments were acquired for FIG. 22(f).

[0200] FIG. 22 summarizes the "H NMR spectra obtained
on a live C57BL/6 mouse with the using of the rotating PFG
LOCMALT. FIG. 22A presents a sagital image acquired with
the image plane parallel to the axis of the sample rotation.
From this image two scout oblique images with one located at
the lung (FIG. 22B) and the other located at the liver (FIG.
22C) were planned. Both scout images have their respective
image plan perpendicular to the axis of the sample rotation.
Voxel sizes of 6x6x6 mm> were planned at the lung and
5x5x5 mm?® at the liver for the rotating PFG LOCMAT.
[0201] FIG.22D shows the static "H NMR spectrum for the
localized voxel at the lung. This spectrum is essentially fea-
tureless due to the line broadening from the large magnetic
susceptibility variations at the lung. FIG. 22F shows the cor-
responding rotating PFG 'H LOCMAT of the same voxel
acquired at a sample spinning rate of 4 Hz. Significant reso-
lution enhancement is achieved. Similar results are obtained
with localized voxel at the liver, i.e., FIG. 22F, where the
voxel size is reduced to 5x5x5 mn’.

Discussion

[0202] LOCMAT with rotating pulsed field gradient (PFG)
has been demonstrated using a LOCMAT experiment where
only the angle “¢”, a traditional Euler angle to define the
sample rotation in the laboratory frame, need be changed for
each PFG. This angle is easy to calculate based on the timing
of the gradient and the sample rotation speed.

[0203] The rotating PFG strategy simplifies LOCMAT
methods since the voxel planning can be directly obtained
from a rotating scout image using traditional spectrometer
planning software. Additionally, slice selection on the three
mutually perpendicular slices that define a voxel are rein-
forced at least two times during the LOCMAT experiment,
i.e., the two slices that are parallel to the rotor axis are selected
two times consecutively for each, while the slice perpendicu-
lar to the axis of sample rotation is selected four times.
[0204] One potential advantage of the rotating PFG strat-
egy over a static G, gradient is that the voxel selection can be
simplified using a rotating PFG. This is because in the one
static G, PFG LOCMAL, the slices defining the voxel are
actually only selected once by the three read pulses that are
spaced at /3 of the rotor periods while all the rest of the pulses,
including the projection and the  pulses, have oblique slice
selection with the slice plan perpendicular to the axis of the
sample rotation. Therefore, inthe one static G, gradient LOC-
MALT, the signal from outside of the voxel but within the
oblique slice may contribute to increased noise in the 2D
spectrum.
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[0205] In rotating PFG, a voxel size of 6x6x6 mm® at the
lung and 5x5x5 mm? at the liver can be obtained successfully
with LOCMAT in a live mouse and at a magnetic field of 2T.
These voxel sizes are smaller than those used in studies
employing one static G,-gradient, where voxel size 12x12x
12 mm® were used at the lung and 6x6x6 mm? was used at the
liver.

[0206] Further implementations of the rotating PFG LOC-
MAT may make each gradient truly rotating during the period
of gradient. Currently each PFG is treated as static by assum-
ing the sample spinning rate is very slow and the length of the
gradient is sufficiently short. Truly rotating gradients may
further improve voxel selection and eliminate the motion
blurring effects.

[0207] Itis to be understood that the above discussion pro-
vides a detailed description of various embodiments. The
above descriptions will enable those skilled in the art to make
many departures from the particular examples described
above to provide apparatuses constructed in accordance with
the present disclosure. The embodiments are illustrative, and
not intended to limit the scope of the present disclosure. The
scope of the present disclosure is rather to be determined by
the scope of the claims as issued and equivalents thereto.

1. A method of performing a magnetic resonance analysis
of'a sample comprising:

placing a sample in a radio frequency field and a magnetic

field having a static field direction;

rotating the sample or the magnetic field about a rotational

axis;

selecting a region of the sample, thus providing a selected

region of the sample;

pulsing the radio frequency to provide a magic angle turn-

ing pulse segment comprising at least two of:
a spatially selective read pulse;

a spatially selective storage pulse; and

a spatially selective phase pulse;

collecting data representative of the selected region of the

sample generated by the pulsed radio frequency.

2. The method of claim 1, wherein pulsing the radio fre-
quency to provide a spatially selective read pulse comprises
applying a magnetic gradient parallel to the static direction.

3. The method of claim 2, wherein pulsing the radio fre-
quency further comprises applying a magnetic gradient per-
pendicular to the rotational axis.

4. The method of claim 1, wherein pulsing the radio fre-
quency further comprises applying a magnetic gradient par-
allel to the rotational axis.

5. The method of claim 1, further comprising synchroniz-
ing at least one of the spatially selective read pulse, the spa-
tially selective storage pulse, and the spatially selective phase
pulse with the rotation of the sample or the magnetic field.

6. The method of claim 1, wherein pulsing the radio fre-
quency further comprises synchronizing a magnetic gradient
with the rotation of the sample or the magnetic field.

7. The method of claim 6, wherein pulsing the radio fre-
quency further comprises applying a magnetic gradient per-
pendicular to the rotational axis.

8. The method of claim 7, wherein pulsing the radio fre-
quency further comprises applying a magnetic gradient par-
allel to the rotational axis.

9. The method of claim 7, wherein pulsing the radio fre-
quency further comprises applying a magnetic gradient par-
allel to the rotational axis during a storage radio frequency
pulse.
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10. The method of claim 1, wherein the sample or magnetic
field is rotated at a rate sufficiently fast such that pulsing the
radio frequency can be treated as pulsing the radio frequency
of a fixed sample and fixed magnetic field.

11. The method of claim 1, wherein the sample or magnetic
field is rotated at a rate sufficiently slowly such that pulsing a
static field gradient can be treated as pulsing the field gradient
of a fixed sample and a fixed magnetic field.

12. The method of claim 1, wherein the sample is rotated at
a rate of less than 100 Hz.

13. The method of claim 1, wherein the sample is rotated at
a rate of about 10 Hz or less.

14. The method of claim 1, wherein the rotational axis is at
an angle of about 54° 4441 relative to the static direction.

15. The method of claim 1, wherein selecting a region of
the sample comprises obtaining a first magnetic resonance
analysis of the sample.

16. The method of claim 15, wherein the first magnetic
resonance analysis of the sample comprises a magnetic reso-
nance image.

17. The method of claim 1, wherein selecting a region of
the sample comprises determining coordinates of the selected
region, further comprising synchronizing a magnetic gradient
with the rotation of the sample or the magnetic field based on
the coordinates.

18. The method of claim 17, wherein selecting a region of
the sample involves a first processor, further comprising out-
putting the coordinates to a second processor, wherein the
second processor synchronizes the magnetic gradient with
the rotation of the sample or the magnetic field.

19. The method of claim 1, wherein pulsing the radio
frequency further comprises saturating at least a portion of the
sample outside the selected region of the sample.

20. The method of claim 1, wherein the rotation rate is
varied while the magnetic resonance analysis is being per-
formed.

21. The method of claim 1, further comprising rephasing a
read signal during acquisition of the read signal and varying a
magnetic read gradient in order to generate a magnetic reso-
nance analysis of a plurality of regions of the sample.

22. The method of claim 1, wherein the spatially selective
read pulse is frequency selective.

23. The method of claim 1, further comprising generating
a magnetic resonance analysis of isotropic and anisotropic
data.

24. The method of claim 1, further comprising generating
a magnetic resonance analysis of the irradiated region com-
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prising determining anisotropic susceptibility broadening for
a chemical species present in the selected region.

25. The method of claim 24, further comprising diagnosing
a disease or physiological condition based on the anisotropic
susceptibility broadening.

26. The method of claim 1, wherein the magic angle turn-
ing pulse segment comprises a spatially selective read pulse
and a spatially selective storage pulse, but not a spatially
selective phase pulse.

27. The method of claim 1, wherein the magic angle turn-
ing pulse segment comprises a spatially selective read pulse
and a spatially selective phase pulse, but not a spatially selec-
tive storage pulse.

28. The method of claim 1, wherein the magic angle turn-
ing pulse segment comprises a spatially selective storage
pulse and a spatially selective phase pulse, but not a spatially
selective read pulse.

29. A method of performing a magnetic resonance analysis
of'a sample comprising:

placing a sample in a radio frequency field and a magnetic

field oriented in a static direction;

selecting a region of the sample, thus providing a selected

region of the sample;

rotating the sample or the magnetic field about a rotational

axis, the rotational axis being disposed at an angle of
about 54°44" relative to the static direction;

pulsing the radio frequency to provide a magic angle turn-

ing pulse segment comprising:

applying a magnetic read gradient perpendicular to the
axis of rotation of the sample and pulsing the radio
frequency to provide a spatially selective read pulse;

applying a magnetic phase gradient perpendicular to the
axis of rotation of the sample and pulsing the radio
frequency to provide a spatially selective phase pulse;

applying a magnetic storage gradient parallel to the axis
of rotation of the sample and pulsing the radio fre-
quency to provide a spatially selective storage pulse;
and

generating a magnetic resonance analysis of the selected

region.

30. The method of claim 29, further comprising synchro-
nizing at least one of the read gradient, phase gradient, and the
storage gradient with the rotation of the sample or the mag-
netic field.

31. The method of claim 29, wherein applying a magnetic
read gradient comprises applying a plurality of magnetic read
gradients in a plurality of orthogonal directions.
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