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HETERONUCLEAR NUCLEAR MAGNETIC RESONANCE FINGERPRINTING

RELATED APPLICATION

[0001] This application claims priority from U.S. Patent Application No. 13/651,690,
filed December 6, 2012, the subject matter of which is incorporated herein by reference in its

entirety.

BACKGROUND

[0002] Conventional magnetic resonance imaging (MRI) involved repetitively
uniformly sampling an object in k-space to acquire, at a pre-determined echo time (TE), a
signal associated with a parameter (e.g., T1 relaxation, T2 relaxation, resonant frequency).
Conventionally, the signal was associated with one type of nucleus (e. g., 'H). Ideally, the
signal was constant over a short period of time at or near TE. Conventional MRI relied on
assembling many segmented acquisitions into a qualitative image. Obtaining the multiple
segmented acquisitions consumed dozens of minutes or more.

[0003] Nuclear magnetic resonance (NMR) fingerprinting involved applying a pulse
sequence that generated different time courses in tissues with different properties. NMR
fingerprinting (NMR({p) excited multiple resonant species at the same time to make different
types of tissues generate different signals that could be collected simultaneously and then
separated into individual signal evolutions over time. The term “resonant species”, as used
herein with respect to NMRfp, refers to an item (e.g., water, fat, or other tissue or material)
that can be made to resonate using NMR. NMR{p did not define what the signal evolutions
for resonant species had to be. Instead, NMR({p captured the signals generated over time and
then compared them to other known or modeled signal evolutions or combinations of signal
evolutions. Since different tissues or materials have different signal evolutions, multiple
parameters (e.g., T1, T2) were able to be determined simultaneously by comparing the signal
evolutions acquired over time to the known and/or simulated signal evolutions or
combinations of signal evolutions.

[0004] More generally, NMR{p involved repetitively, variably sampling an object in (k,
t, E) space to acquire a signal evolution (SE) for a single nuclei (e.g., 'H) while allowing t
and E to vary. K refers to k-space, t refers to time, and E could include T1, T2, D, and other
parameters, where D refers to diffusion relaxation. Unlike conventional MRI, NMRfp did
not try to have a constant SE, but rather sought an SE that varied over time and that was

distinguishable from other SE that were acquired simultaneously, contemporaneously, or
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within a threshold amount of time. NMRfp produced quantitative estimates of parameters
(e.g., T1,T2). While conventional quantification with MRI took dozens of minutes, NMR{p

could be performed in less time.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] The accompanying drawings, which are incorporated in and constitute a part of
the specification, illustrate various example systems, methods, and other example
embodiments of various aspects of the invention. It will be appreciated that the illustrated
element boundaries (e.g., boxes, groups of boxes, or other shapes) in the figures represent one
example of the boundaries. One of ordinary skill in the art will appreciate that in some
examples one element may be designed as multiple elements or that multiple elements may
be designed as one element. In some examples, an element shown as an internal component
of another element may be implemented as an external component and vice versa.

Furthermore, elements may not be drawn to scale.

[0006] Figure 1 illustrates a volume that contains two resonant species.

[0007] Figure 2 illustrates a volume that includes two types of nuclei bonded a first
way.

[0008] Figure 3 illustrates a volume that includes two types of nuclei bonded a second,

different way.

[0009] Figure 4 illustrates a volume that includes two types of nuclei that tend not to
associate (e.g., lH, 23NA).

[0010] Figure 5 illustrates two individual NMR signals received from two resonant
species and a signal evolution derived from the two individual NMR signals.

[0011] Figure 6 illustrates two individual NMR signals received from two different
nuclei in a volume and a signal evolution derived from the two individual NMR signals.
[0012] Figure 7 compares and contrasts conventional MRI sequence blocks to NMRfp

sequence blocks.

[0013] Figure 8§ illustrates an MRI apparatus configured to perform heteronuclear
NMRfp.

[0014] Figure 9 illustrates an apparatus configured to perform heteronuclear NMR{p.
[0015] Figure 10 illustrates an example method configured to perform heteronuclear

NMRfp.
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[0016] Figure 11 illustrates an example method configured to perform heteronuclear
NMRfp.
[0017] Figure 12 illustrates pulse sequences associated with a heteronuclear multiple
quantum correlations (HMQC) process.
[0018] Figure 13 illustrates pulse sequences associated with an HMQC process that also
includes gradients.
[0019] Figure 14 illustrates an example apparatus associated with multi-nuclear
NMRfp.
[0020] Figure 15 illustrates an example heteronuclear NMR{p process where RFE is

applied to two different types of nuclei (e.g., 'H, X) using two related pulse sequences that
have constant, matched spacing.

[0021] Figure 16 illustrates an example heteronuclear NMR{p process where RFE is
applied to two different types of nuclei (e.g., 'H, X) using two related pulse sequences having
variable, matched spacing.

[0022] Figure 17 illustrates an example heteronuclear NMR{p process where RFE is
applied to two different types of nuclei (e.g., 'H, X) using two related pulse sequences having
variable, mismatched spacing.

[0023] Figure 18 illustrates an example heteronuclear NMR{p process where RFE is
applied to two different types of nuclei (e.g., 'H, X) using two related pulse sequences having
variable, matched spacing and where gradients are also applied.

[0024] Figure 19 illustrates an example heteronuclear process where RF is applied to

three different types of nuclei using variable, matched spacing.

DETAILED DESCRIPTION

[0025] Example apparatus and methods concern heteronuclear NMRfp where signal

evolutions from two or more different types of nuclei can be acquired simultaneously. In one
embodiment, heteronuclear NMRfp involves repetitively, variably sampling an object in (k, t,
E, n) space to acquire signal evolutions for two or more types of nuclei (e.g., 'H, PC) with

varying t and E. k refers to k-space, t refers to time, E may include resonance frequency, T1,
T2, D, and other parameters, and n refers to multiple nuclei. Heteronuclear NMRfp produces
quantitative estimates of parameters (e.g., resonance frequency, T1, T2) for multiple different

types of nuclei. In one example, the signal evolutions for the two or more types of nuclei



WO 2014/062346 PCT/US2013/060668

may be acquired simultaneously or substantially simultaneously and then compared to stored
signal evolutions to characterize the nuclei.

[0026] Example apparatus and methods may employ heteronuclear multiple quantum
correlations (HMQC) to integrate signals from two or more types of nuclei into a proton-
based magnetic resonance fingerprinting (MRF) framework. Example apparatus and
methods may, additionally or alternatively, employ heteronuclear single quantum correlations
(HSQC) to integrate signals from two or more types of nuclei into the proton-based MRTF
framework.

[0027] There are quantum correlations between certain types of nuclei (e.g., 'H & °C,
'H& “N, '"H& N, 'H & *'P, 'H & "0, “C & N, °C & *'P). The quantum correlations
allow magnetization to be transferred from one type of nuclei to another type of nuclei and
then back via a coherence pathway. These quantum correlations reflect how magnetization in
one type of nuclei may affect magnetization in another type of nuclei. Different nuclei may
be related (e.g., bonded) in different ways at different times and thus the quantum
correlations may be different at different times. These relationships will be described below
in association with figures two and three.

[0028] The following provides a brief review of the basics of NMRfp. Figure 1
illustrates a volume 100 (e.g., voxel) that contains two resonant species R1 and R2. R1 and
R2 may have different relaxation or other NMR parameters. For example, the T1g; may be
less than T1g, while T2g; may be greater than T2g,. T1 refers to longitudinal (spin-lattice)
relaxation time and T2 refers to transverse (spin-spin) relaxation time. NMRfp applies radio
frequency (RF) energy in a series of varied sequence blocks that cause both R1 and R2 to
simultaneously produce different NMR signals. A signal evolution can be produced from
these simultaneously produced different NMR signals. Relaxation and other NMR
parameters (e.g., T1, T2, PD) (PD = proton density) can be determined from the signal
evolution through comparison with other signal evolutions for which relaxation or other
NMR parameters are known. The resonant species R1 and R2 can then be characterized by
the relaxation or other NMR parameters. Since different tissues have different known
relaxation or other NMR parameters, different tissues can be identified using the relaxation or
other NMR parameter characterization. While two resonant species are illustrated, one
skilled in the art will appreciate that a volume may include a greater or lesser number of

resonant species.
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[0029] Like a volume may contain two different resonant species, a volume may also
contain two or more different types of nuclei. Figure 2 illustrates a volume 200 that includes
two different types of nuclei N1 and N2. N1 and N2 are illustrated being coupled directly to
each other via a bond. N1 and N2 may be, for example, "H and C. This direct bond
coupling may produce a first quantum correlation between N1 and N2. When exposed to an
NMRIfp RF pulse sequence, N1 and N2 may become excited and produce an NMR signal.
When N1 and N2 are capable of transferring magnetization between themselves, and when
the NMR{fp RF pulse sequence is configured to cause a transfer of magnetization between N1
and N2, then the NMR signals received from volume 200 may depend not only on the
presence of N1 and N2 in volume 200, but also on the quantum correlations between N1 and
N2 (e.g., bonding, pairing) and on how the transfer of magnetization was produced and
controlled by the pulse sequence.

[0030] Figure 3 illustrates a volume 300 in which N1 and N2 would have a second,
different quantum correlation due to the way in which N1 and N2 are associated (e.g., paired,
bonded). In volume 300, N1 and N2 are indirectly coupled to each other through bonds to an
intermediate item represented generically as X. 'This indirect single bond coupling may
produce a second, different quantum correlation between N1 and N2. When exposed to an
NMRIfp RF pulse sequence, N1 and N2 may become excited and produce an NMR signal.
When N1 and N2 are capable of transferring magnetization between themselves, and when
the NMRfp RF pulse sequence is configured to cause a transfer of magnetization between N1
and N2, then the NMR signals received from volume 300 may depend not only on the
presence of N1 and N2 in volume 300, but also on the quantum correlations between N1 and
N2 and on how the transfer of magnetization was produced and controlled by the pulse
sequence. Since N1 and N2 are bonded differently in volume 200 (Figure 2) and in volume
300 (Figure 3), the signal evolutions produced in response to exciting N1 and N2 in the two
different volumes will be different. Thus, the signal evolutions will be useful not only for
detecting the presence of N1 and N2, but also how, if at all, N1 and N2 are bonded.

[0031] Figure 4 illustrates a volume 400 in which N3 and N4 are not bonded. N3 and
N4 may be, for example, 'H and *Na. N3 and N4 do not have a quantum correlation that
facilitates transferring magnetization back and forth between the two different types of
nuclei. When exposed to an NMRfp RF pulse sequence, N3 and N4 may become excited and

produce an NMR signal. When N3 and N4 are not capable of transferring magnetization
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between themselves, then the NMR({p RF pulse sequence will not cause a transfer of
magnetization between N3 and N4. Therefore, the NMR signals received from volume 400
may depend on the presence of N3 and N4 in volume 400, but not on how N3 and N4 are
paired (e.g., bonded). Although N3 and N4 may not bond, and may not be capable of
transferring magnetization via a quantum correlation pathway, in one embodiment,
heteronuclear NMRfp may still be able to simultaneously acquire signal from both types of
nuclei.

[0032] Like NMRIfp was able to simultaneously acquire signals from different resonant
species, heteronuclear NMR{p is able to simultaneously acquire signals that are a function of
different nuclei or quantum correlations between different nuclei. In one embodiment, a
signal evolution for two or more different types of nuclei may be acquired, where the signal
evolution is a function of magnetization associated individually with the types of nuclei when
the magnetization was not transferred between the two types of nuclei. In another
embodiment, the signal evolution may be a function of magnetization associated individually
with the two types of nuclei, where the magnetization was transferred between the two types
of nuclei. In another embodiment, the signal evolution may be a function of magnetization
associated collectively with the pair of nuclei, where the magnetization was transferred
between the pair of nuclei.

[0033] Returning now to the review of NMR{p, figure 5 illustrates plots of two
individual NMR signals: NMR; and NMR,, that were received from the two resonant species
R1 and R2 in volume 100 (Figure 1). NMR; includes data points generated by R1 under
different conditions at different times. NMR; includes data points generated by R2 under the
different conditions at the different times. The signal evolution (SE) results from NMR; and
NMR; being generated and acquired simultaneously. The space from which the data points
for NMR; and NMR; is acquired may be referred to as a (k, t, E) space, where in different
examples, E refers to (T1, T2, D), (T1, T2, D, ...), (resonance frequency, T1, T2, ...) where
D refers to diffusion relaxation. In one example, both t and E may be non-linear. In another
example, both t and E may be pseudo-random. While two plots associated with two resonant
species are illustrated, one skilled in the art will appreciate that a volume may include a
greater or lesser number of resonant species and thus may produce a greater or lesser number

of signals.
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[0034] Turning now to heteronuclear NMR fingerprinting, figure 6 illustrates plots of
two individual NMR signals;: HNMR; and HNMR,, that were received from the two different
types of nuclei N1 and N2 in volumes 200 or 300. HNMR; includes data points generated by
N1 under different conditions at different times. HNMR; includes data points generated by
N2 under the different conditions at the different times. The signal evolution (SExnur)
results from HNMR; and HNMR; being generated and acquired simultaneously. The space
from which the data points for HNMR; and HNMR; is acquired may be referred to as a (k, t,
E, n) space, where k refers to k-space, t refers to time, in different examples, E refers to
(resonance frequency, T1, T2), (T1, T2, D, ...), (T1, T2, ...) where D refers to diffusion
relaxation, and n refers to nuclei. In one example, both t and E may be non-linear. In another
example, both t and E may be pseudo-random. When gradients are not designed and applied
in particular ways at particular times, SEymnyr may be a function of the individual
magnetization of the different types of nuclei. When particular gradients with particular
relationships are designed and applied in particular ways at particular times, then SEgnyr
may be a function of the transfer of magnetization between the different types of nuclei.
[0035] Figure 7 compares and contrasts conventional sequence blocks to example
NMRIfp sequence blocks. Sequence block 700 includes a preparation phase 710 and an
acquisition phase 720. During acquisition phase 720, multiple acquisitions using the same
flip angle and the same interval between acquisitions may be performed. Acquisition phase
720 resembles approaches that acquire data from a (k, t) space, where t varies either
constantly or linearly. The constant variation facilitates acquiring signal with constant
amplitude and phase as required for conventional image reconstruction.

[0036] Sequence block 730 also includes a phase 740 and an acquisition phase 750.
Notice that acquisition phase 750 is longer than acquisition phase 720. Unlike acquisition
phase 720 where parameters are either fixed or vary linearly, in acquisition phase 750 the
parameters may vary, either non-linearly, randomly, or pseudo-randomly. Parameters that
may vary include, but are not limited to, echo time, flip angle, phase encoding, delay time,
and others. Note also that while phase 740 may, in some examples, be a preparation phase or
preparation-like phase, that phase 740 does not necessarily perform a conventional image-
centric preparation. While figure 7 illustrates pulse sequences associated with NMRI{p,

figures 15-19 illustrates sets of pulse sequences that may be used in heteronuclear NMRfp.
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The individual pulse sequences illustrated in figures 15-19 may be similar, for example, to
sequence 730.

[0037] Figure 8§ illustrates an example MRI apparatus 800 configured with an apparatus
899 to control heteronuclear NMRfp. The apparatus 899 may be configured with elements of
example apparatus described herein and/or may perform example methods described herein.
In one embodiment, apparatus 899 may be configured to control NMR apparatus 800 to apply
RF energy suitable to produce concurrent nuclear magnetic resonance in two or more
different types of nuclei in a volume. The two or more different types of nuclei may or may
not share a quantum correlation. The NMR apparatus 800 is controlled to apply the RF
energy in at least two different sequence blocks that differ in at least two or more of, the
number of a2 pulses, the amplitude of a2 pulses, the phase of a2 pulses, and the spacing
between o2 pulses. Apparatus 899 may be configured to control apparatus 800 to determine
two or more relaxation or other NMR parameters for the two or more different types of nuclei
by comparing NMR signals acquired from the volume to characterized signal evolutions or
combinations of signal evolutions.

[0038] The apparatus 800 includes a basic field magnet(s) 810 and a basic field magnet
supply 820. Ideally, the basic field magnets 810 would produce a uniform By field.

However, in practice, the By field may not be uniform, and may vary over an object being
imaged by the MRI apparatus 800. MRI apparatus 800 may include gradient coils 830
configured to emit gradient magnetic fields like Gg, Gp and Gr or Gx, Gy, and Gz. The
gradient coils 830 may be controlled, at least in part, by a gradient coils supply 840. In some
examples, the timing, strength, and orientation of the gradient magnetic fields may be
controlled, and thus selectively adapted, during an MRI procedure.

[0039] MRI apparatus 800 may include a set of RIF antennas 850 that are configured to
generate RI pulses and to receive resulting NMR signals from an object to which the R
pulses are directed. In one embodiment, the RFF antennas 850 are arranged as an array of
parallel transmission coils that are individually controllable. How the pulses are generated
and how the resulting MR signals are received may be controlled and thus may be selectively
adapted during an MR procedure. Separate RF transmission and reception coils can be
employed. The RF antennas 850 may be controlled, at least in part, by a set of RI
transmission units 860. An R transmission unit 860 may provide a signal to an RIF antenna

850. The RF transmission unit 860 may provide different signals to different RIF antennas to
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produce different RF excitations from the different members of the array of parallel
transmission coils. In one example, the different RF excitations may have different flip
angles and different TRs.

[0040] The gradient coils supply 840 and the RF transmission units 860 may be
controlled, at least in part, by a control computer 870. In one example, the control computer
870 may be programmed to control an NMR device as described herein. Conventionally, the
magnetic resonance signals received from the RI antennas 850 can be employed to generate
an image and thus may be subject to a transformation process like a two dimensional FF'T
that generates pixilated image data. The transformation can be performed by an image
computer 880 or other similar processing device. The image data may then be shown on a
display 890. However, heteronuclear NMRfp apparatus 8§99 facilitates not having to do
conventional reconstruction of an image from MR signals received from the RIF antennas
850. Thus the RF energy applied to an object by apparatus 800 need not be constrained to
produce signals with substantially constant amplitudes or phases. Instead, heteronuclear
NMRIfp apparatus 899 facilitates the comparison of received signals to known signals for
which a reconstruction, relaxation parameter, NMR parameter, or other information is already
available. This facilitates producing a quantitative result.

[0041] While Figure § illustrates an example MRI apparatus 800 that includes various
components connected in various ways, it is to be appreciated that other MRI apparatus may
include other components connected in other ways.

[0042] Figure 9 illustrates an embodiment of heteronuclear NMRfp apparatus 899. In
one embodiment, apparatus 899 includes an NMR logic 910. NMR logic 910 is configured
to repetitively and variably sample an object in a (k, t, I, n) space to acquire a set of NMR
signals that may have non-constant amplitude and/or phase. The object may include multiple
types of nuclei. The nuclei may be nuclei that have quantum correlations and that can
exchange magnetization or may be nuclei that do not have quantum correlations and therefore
cannot exchange magnetization. Nuclei that can exchange magnetization may be paired in
different ways. For example, at one time, two types of nuclei may be directly bonded while
at another time two types of nuclei may be indirectly bonded through bonds with a third type
of nuclei. Sampling may include presenting RF in configurations designed to excite different

types of nuclei and to selectively cause transfer of magnetization.
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[0043] Members of the set of NMR signals are associated with different points in the
(k, t, E, n) space. In different embodiments the different points are sampled according to a
plan where t and/or E varies non-linearly and/or in a non-constant manner. In one
embodiment, NMR logic 910 is configured to acquire NMR signals that were produced in
response to different excitations produced in different members of an array of parallel TX
coils. The array may be referred to as a pI'x array. This pTx array may contain multiple coils
tuned for excitation of a single nuclei, or may contain different coils tuned to different nuclei
or a combination containing multiple coils that can excite multiple nuclei. The NMR signals
may be associated with two or more nuclei.

[0044] NMR apparatus 899 also includes a signal logic 920. Signal logic 920 is
configured to produce an NMR signal evolution from the NMR signals. The signal evolution
may include a number of NMR signals acquired over a period of time. Unlike conventional
systems where NMR signals from different signal producing regions may be similar, signal
logic 920 may process NMR signal evolutions that are more de-correlated. Thus, in one
example, apparatus 899 may include multiple signal logics 920. Different signal logics may
be configured to process signal from different signal producing regions or from different
signal producing nuclei. In one embodiment, the multiple signal logics 920 may be
configured to operate in parallel.

[0045] NMR apparatus 899 also includes a matching logic 930. Matching logic 930 is
configured to compare produced NMR signal evolutions to known NMR signal evolutions.
The known NMR signal evolutions may be, for example, previously acquired signal
evolutions, simulated signal evolutions, or combinations of simulated evolutions or
combinations of measured evolutions. Like apparatus 899 may include multiple signal logics
920), apparatus 899 may also include multiple matching logics 930. The multiple matching
logics 930 may be configured to operate in parallel.

[0046] Apparatus 899 may also include a characterization logic 940. In one
embodiment, characterization logic 940 is configured to characterize nuclei, pairs of nuclei,
or quantum correlations between nuclei in the object. The characterizing may include
comparing the NMR signal evolution(s) to a characterizing signal evolution(s).
Characterizing the nuclei may include identifying parameters including, but not limited to, T1
relaxation, T2 relaxation, diffusion weighted relaxation, and resonance frequency.

Characterizing the nuclei can include identifying the presence of nuclei and additional
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information concerning the presence of a paired nuclei and a quantum correlation

(e.g., pairing, bonding) between the nuclei. The characterizing signal evolution(s) may be
stored in a library of characterizing signal evolutions. In one embodiment, the library is
configured to directly store the signal evolutions. In another embodiment, the library is
configured to store a transformed or compressed representation of the full library of signal
evolutions. In one embodiment, characterization logic 940 may be configured to characterize
information received from different nuclei.

[0047] Conventional MRI used precise preparation times to create precise preparation
conditions that facilitated acquiring signals from a single type of nuclei from a series of
precisely defined locations on a projection path (e. g., Cartesian, radial) at short precise points
in time to make imprecise qualitative images.

[0048] NMRIfp took a different approach. NMRIp chose to sample (k, t, E) space.
Instead of acquiring signal voxel by voxel, slice by slice, or characteristic by characteristic,
NMRfp facilitated analyzing N characteristics in M voxels at the same time, N and M being
numbers. Also unlike conventional MRI, NMRI{p facilitated acquiring useful signal for a
longer period of time, rather than during an instantaneous period of time associated with a
specified echo time (TE). Heteronuclear NMRfp extends this approach to acquiring signal
from two or more different types of nuclei during the same acquisition period in response to
coordinated series of NMRI{p pulse sequences. Additionally, heteronuclear NMR{p facilitates
acquiring relationship data. The relationship data may facilitate identifying how nuclei are
currently paired in a sample.

[0049] Some portions of the detailed descriptions that follow are presented in terms of
algorithms and symbolic representations of operations on data bits within a memory. These
algorithmic descriptions and representations are used by those skilled in the art to convey the
substance of their work to others. An algorithm, here and generally, is conceived to be a
sequence of operations that produce a result. The operations may include physical
manipulations of physical quantities. Usually, though not necessarily, the physical quantities
take the form of electrical or magnetic signals capable of being stored, transferred, combined,
compared, and otherwise manipulated in a logic, and so on. The physical manipulations
create a concrete, tangible, useful, real-world result.

[0050] It has proven convenient at times, principally for reasons of common usage, to

refer to these signals as bits, values, elements, symbols, characters, terms, numbers, and so
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on. It should be borne in mind, however, that these and similar terms are to be associated
with the appropriate physical quantities and are merely convenient labels applied to these
quantities. Unless specifically stated otherwise, it is appreciated that throughout the
description, terms including processing, computing, determining, and so on, refer to actions
and processes of a computer system, logic, processor, or similar electronic device that
manipulates and transforms data represented as physical (electronic) quantities.

[0051] Example methods may be better appreciated with reference to flow diagrams.
While for purposes of simplicity of explanation, the illustrated methodologies are shown and
described as a series of blocks, it is to be appreciated that the methodologies are not limited
by the order of the blocks, as some blocks can occur in different orders and/or concurrently
with other blocks from that shown and described. Moreover, less than all the illustrated
blocks may be required to implement an example methodology. Blocks may be combined or
separated into multiple components. Purthermore, additional and/or alternative
methodologies can employ additional, not illustrated blocks.

[0052] Figure 10 illustrates a method 1000 associated with heteronuclear NMRfp.
Method 1000 includes, at 1010, controlling an NMR apparatus to apply Rl energy to a
volume in an object. The volume may contain one or more types of nuclei. Unlike
conventional NMR systems, or even conventional NMR{p systems, controlling the NMR
apparatus may include applying RF energy in multiple coordinated (e. g., paired,
simultaneous, parallel) sequences of NMRIfp varying sequence blocks. Also unlike
conventional systems, controlling the NMR apparatus at 1010 may include controlling
different members of a parallel transmission (pTx) array to apply different RF energy
excitations. The different RI' energy excitations may vary in ways including, but not limited
to, target nuclei, amplitude, phase, frequency, flip angle, and delay time. In one
embodiment, varying the flip angles in different RF excitations in different members of the
set of TX coils can produce flip angle distributions throughout the volume, which in turn may
produce locally varying conditions. Various types of multiple simultaneous sequences of
varying sequence blocks are illustrated in figures 15-19.

[0053] In one embodiment, method 1000 involves controlling an NMR apparatus
configured with two or more individually controllable transmit (TX) coils. Method 1000
controls the NMR apparatus to apply a first NMRfp RTI excitation from a first of the two or

more TX coils to a sample and to apply a second, different NMRfp RI' excitation from a
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second of the two or more TX coils to the sample. In one embodiment, the two different
NMR RV excitations are applied at the same time from the different coils. In one example,
the first NMRfp RF excitation and the second NMRfp RF excitation may be configured to
produce a spatial inhomogeneity in a sample to which the first NMRfp RF excitation and the
second NMRfp RF excitation are applied. In another example, the two coils may
preferentially excite different nuclei. The sample may be, for example, a human, an animal,
or other object. The sample may include one or more different types of nuclei. In one
example, the spatial inhomogeneity is configured to facilitate de-correlating signal evolutions
from different signal generating regions in the sample.

[0054] Method 1000 may include controlling the NMR apparatus to make one of the
simultaneous sequences of varying sequence blocks differ from another of the simultaneous
sequences of varying sequence blocks in one or more of, target nuclei, amplitude, phase,
frequency, delay time, and flip angle. Method 1000 may include controlling the NMR
apparatus to make the first NMRfp R excitation and the second NMR{fp RF excitation differ
in an amount effective to change contrast in the sample from sequence block to sequence
block or from location to location.

[0055] The RF energy applied from a member of the pTx array of coils may be applied
in a series of variable sequence blocks. Sequence blocks may vary in a number of parameters
including, but not limited to, target nuclei, echo time, flip angle, phase encoding, diffusion
encoding, flow encoding, RF pulse amplitude, RF pulse phase, number of RF pulses, type of
gradient applied between an excitation portion of a sequence block and a readout portion of a
sequence block, number of gradients applied between an excitation portion of a sequence
block and a readout portion of a sequence block, type of gradient applied between a readout
portion of a sequence block and an excitation portion of a sequence block, number of
gradients applied between a readout portion of a sequence block and an excitation portion of
a sequence block, type of gradient applied during a readout portion of a sequence block,
number of gradients applied during a readout portion of a sequence block, amount of RF
spoiling, and amount of gradient spoiling. In different embodiments two, three, four, or more
parameters may vary between sequence blocks. In different embodiments, the number of
parameters varied between sequence blocks may itself vary. For example, Al (sequence

block 1) may differ from A2 in five parameters, A2 may differ from A3 in seven parameters,
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and A3 may differ from A4 in two parameters. In one example, the only difference between
consecutive sequence blocks may be the number of o2 pulses.

[0056] Controlling the NMR apparatus at 1010 to apply different RI' energy excitations
through different members of the pTx array may include varying parameters for a single coil
over time and may also include varying parameters between coils over time. Thus example
apparatus and methods may vary parameters in two dimensions: through time for a single
coil, and spatially between coils. By way of illustration a first coil TX1 may produce a series
of RF excitations TX1RF1, TX1RF2, ... TX1RFn at times T1, T2, ... Tn. A second coil TX2
may also produce a series of excitations TX2RF1, TX2RF2, ... TX2RFn. The signals from
TX1 may vary amongst themselves (e.g., TX1RF1 # TX1RF2). Similarly, the signals from
TX2 may vary amongst themselves (e.g., TX2RF1 # TX2RF2). Additionally, the signals
may vary between coils (e.g., TX1RF1 # TX2RF1).

[0057] The RF energy applied during the multiple simultaneous series of sequence
blocks may be configured to cause different individual types of nuclei to simultaneously
produce individual NMR signals. The R energy applied during the multiple simultaneous
series of sequence blocks may be configured to cause a transfer of magnetization between
individual types of nuclei and thus to produce a signal evolution that is a function of
magnetization transfer. At least one member of the series of variable sequence blocks will
differ from at least one other member of the series of variable sequence blocks in at least N
sequence block parameters, N being an integer greater than one. Additionally, in one
embodiment, at least one RF TX coil will deliver an RF excitation that differs from the RF
excitation delivered by a different RFF TX coil in the parallel array of transmission coils in at
least M parameters. In different embodiments N may be a number greater than one.
Similarly, in different embodiments, M may be a number greater than one. The signal
content of a signal evolution may vary directly with N and M. Thus, as more parameters are
varied, a potentially richer signal is retrieved. Additionally, as more pTx coils deliver
different RF excitations, signals that potentially may be more able to be de-correlated can be
produced.

[0058] In one embodiment, the NMR apparatus may be controlled at 1010 to apply
members of the series of variable sequence blocks according to a partially random acquisition
plan configured to under-sample the object at an under-sampling rate R. In different

embodiments, rate R may be, for example, two, four, or even larger numbers.
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[0059] Method 1000 also includes, at 1020, controlling the NMR apparatus to acquire
the NMR signals produced in response to applying the RFF energy. The NMR apparatus can
be controlled to acquire signal for various lengths of time including, for example, up to ten
seconds, up to twenty seconds, up to one hundred seconds, or for even longer. NMR signals
can be acquired for longer periods of time because signal information content remains viable
for longer periods of time in response to the series of varied RIF energy applied at 1010.
[0060] Method 1000 also includes, at 1030, controlling the NMR apparatus to
determine a signal evolution from the acquired NMR signals. Determining the signal
evolution may include storing (k, t, F, n) space data points acquired during action 1020.
While an individual sequence block may yield a single point in (k, t, E, n) space, the signal
evolution is determined by the series of variable sequence blocks. Over time, series of
variable sequence blocks that yield useful signal evolutions may be identified. Determining
the signal evolution at 1030 for a first signal producing region may include treating a signal
from a second signal producing region as noise in a first signal producing region. Treating
the signal as noise is facilitated when the two signals are more orthogonal and thus can be de-
correlated. The degree of orthogonality may vary directly with the number of parameters
varied per sequence block and may also vary directly with the number of different RF
excitations produced by different members of the parallel array of transmission coils.
Alternatively, the determination of the signal evolution could involve modeling all or a
portion of a signal from a second signal producing region as a combination of one or more
stored signal evolutions.

[0061] Method 1000 also includes, at 1040, controlling the NMR apparatus to compare
the signal evolution to one or more known, stored, simulated, reference, or predicted signal
evolutions or a combination of known signal evolutions. In different examples, the “stored”
or “known” signal evolutions may include previously acquired signals, simulated signals, or
both. In one embodiment, the stored signal evolutions are associated with signals not
acquired from the object while in another embodiment the stored signal evolutions are
associated with signals acquired from the object. Different signal evolutions may be
analyzed to determine not only the presence of different types of nuclei, but also a quantum
relationship (e.g., bonding, pairing) between pairs or sets of nuclei, and a magnetization

transfer between types of nuclei.
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[0062] The stored signals may be associated with a potentially very large data space.
Thus, one skilled in the art will appreciate that the stored signal evolutions may include

signals outside the set of signal evolutions characterized by:
SE=A-Be" [1]

[0063] Indeed, one skilled in the art will appreciate that the very large data space for the

stored signal evolutions can be partially described by:

SE =12, 272 R (@)Rer, (0, 9IR(G, IE(TLT2,D,f) 2]

P=1i5=1

where:
SE is a signal evolution,
Na is a number of sequence blocks,
Nrr is a number of RF pulses in a sequence block,
a is a flip angle,
@ is a phase angle,
Ri(a) is a rotation due to off resonance,
Rgrij(0, D) is a rotation due to RF differences,
R(G,f) is a rotation due to a gradient or resonance frequency f
TT1 is spin-lattice relaxation,
T2 is spin-spin relaxation,
D is diffusion relaxation, and
Ei(T1,T2,D,1) is decay due to relaxation differences.

[00064] While E;(T1,1T2,D.f) is provided as an example, one skilled in the art will
appreciate that in different embodiments, Ei(T1,1T2,D,f) may actually be Ei(T1,12,D,...), or
Ei(T1,T2,...).

[0065] In one example, the summation on j could be replaced by a product on j, e.g.:
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[0066] In NMR, MRI, or ESR (electron spin resonance), a Bloch equation is a member
of a set of macroscopic equations that are used to calculate the nuclear magnetization M =
(M., My, M) as a function of time when relaxation times 77 and 7 are present. These
phenomenological equations were introduced by Felix Bloch and may also be referred to as
the equations of motion of nuclear magnetization. One skilled in the art will appreciate that
in one embodiment Ri(a), Rrg;j(0, ®), and R(G,f) may be viewed as Bloch equations.

[0067] While Figure 10 illustrates various actions occurring in serial, it is to be
appreciated that various actions illustrated in Figure 10 could occur substantially in parallel.
By way of illustration, a first process could control applying RF energy, a second process
could control acquiring NMR signals and determining a signal evolution, and a third process
could perform signal evolution comparisons. While three processes are described, it is to be
appreciated that a greater and/or lesser number of processes could be employed.

[0068] Figure 11 illustrates another embodiment of method 1000 (Figure 10). This
embodiment includes actions 1010, 1020, 1030, and 1040. However, this embodiment also
includes actions 1012, 1014, 1016, and 1050.

[0069] This embodiment of method 1000 includes, at 1012, controlling the NMR
apparatus to vary one or more of, the amount of time between sequence blocks, the relative
amplitude of sequence blocks, and the relative phase of sequence blocks. The sequence
blocks can be varied amongst members of the pTx array that are transmitting in parallel. The
sequence blocks can also be varied within a single member of the pTx array. Thus, not only
can the individual parameters (e.g., flip angle, phase) be varied between sequence blocks, but
the times between sequence blocks and other differences between sequence blocks can be
varied both in a single coil and between coils. This facilitates creating additional signal
content in the signal evolution.

[0070] The varying at 1012 may be coordinated between members of the parallel array
of transmission coils. In one example, sequences may cycle around members of the parallel
array of transmission coils. For example, a first sequence applied at a first time through a
first TX coil may be the second sequence applied at a second time through a second TX coil.

Other combinations are possible.
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[0071] This embodiment of method 1000 also includes, at 1014, controlling the NMR
apparatus to configure a member of the series of variable sequence blocks as one of, a
TrueFISP pulse sequence, a FLLASH pulse sequence, and a turbo spin echo (TSE) pulse
sequence. Action 1014 illustrates that a set of sequence blocks is not necessarily the same
thing as a conventional imaging-based pulse sequence. A sequence block differs from a
conventional pulse sequence for at least the reason that non-linearly varying At and AE,
which produce NMR signals in (k, t, E, n) space having non-constant amplitudes and phases
are encouraged, not prohibited. Additionally, applying different variable sequence blocks
from different TX coils is encouraged.

[0072] This embodiment of method 1000 also includes, at 1016, controlling the NMR
apparatus to configure a later member of the series of variable sequence blocks based, at least
in part, on an NMR signal acquired in response to applying an earlier member of the series of
variable sequence blocks. Thus, this embodiment of method 1000 is an adaptive method
where the order of members of the series of varied sequence blocks may not be known ahead
of time. Instead, as data points in (k, t, E, n) space are acquired, and as a signal evolves,
decisions concerning different sequence blocks and different sets of parameters to vary may
be made. The decision may control the sequence blocks that are produced by different
members of the array of transmission coils. By way of illustration, a first number of data
points in (k, t, E, n) space and an evolving signal may be leading towards one relaxation or
other NMR parameter determination and away from another relaxation or NMR parameter
determination. Therefore, sets of sequence blocks that can confirm and/or reject either of
these leads may be applied next in the set of series to facilitate a guided and more rapid
convergence in the comparison and analysis process.

[0073] This embodiment of method 1000 also includes, at 1050, controlling the NMR
apparatus to characterize nuclei as a function of comparing the signal evolution(s) to one or
more reference (e.g., stored, known, simulated, predicted, combined, reduced) signal
evolutions. Comparing the acquired signal evolution to another signal evolution may include,
for example, controlling the NMR apparatus to compare the signal evolution to members of a
multi-dimensional set of NMR signal evolutions. A first dimension in the multi-dimensional
set may be associated with a first set of sequence block parameters and a second dimension in
the multi-dimensional set may be associated with a second, different set of sequence block

parameters. Since a signal evolution evolves over time, the multi-dimensional set may
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include a time dimension and the pattern matching process may include a path matching
process that monitors the progress of the signal evolution. Additionally, since one series of
varied sequence blocks may differ from another series of varied sequence blocks, the multi-
dimensional set may include an order dimension where once again the pattern matching
process may path match as opposed to just pattern matching.

[0074] Characterizing types of nuclei may include, for example, identifying relaxation
parameters or other NMR parameters including, but not limited to, T1 relaxation associated
with the nuclei, T2 relaxation associated with the nuclei, off-resonance relaxation associated
with the nuclei, diffusion weighted relaxation associated with the nuclei, and the effects, if
any, of quantum correlations between nuclei.

[0075] Figure 12 illustrates pulse sequences associated with a heteronuclear multiple
quantum correlations (HMQC) process. R pulses RIY; and RIF, are applied in order to excite
a first type of nuclei (e.g., 'H) while RF pulses RI's and RV, are applied in order and
simultaneously to excite a second type of nuclei generally referred to as X. RF;, RF;, RF;3,
and RF4 may have a common amplitude (e.g., Ajn = Ax). RF; and RF; are applied at the
same time, and RF, and RFy (e.g., interval I; = interval 1) are applied at the same time.
When exposed to RF in this manner during an example HMQC approach, the maximal
transfer of coherence occurs at a single readout point P1. In this approach, the signal
received at P1 may be a function of magnetization associated collectively with 'H and with
X. RFj, RF,, RF3, and RF; are illustrated as boxes. The boxes represent RF pulses that may
have different shapes including, but not limited to, rectangular, sinc, Gaussian, and
hyperbolic.

[0076] Figure 13 illustrates pulse sequences associated with an HMQC process that also
applies gradients and that therefore produces a different type of signal at P2. In addition to
applying RF;, RF,, RF3, and RF,, gradients G; and G, are applied. G; is applied in between
the application of RI; and RF, and G, is applied after the application of RIY,. Applying G,
after the application of RF, may involve applying G, before a subsequent (not illustrated) RF
pulse is applied. G; and G, may have different properties. For example, the amplitude A, of
(G; may not be the same as the amplitude Az of G,. G and Gy are illustrated as boxes. The
boxes represent non-uniform magnetic fields that may have different forms in time or space.
The different forms include, but are not limited to, rectangular, quadratic, Gaussian, and

hyperbolic. The boxes may be referred to as gradients. Like figure 12, the process illustrated
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in figure 13 will produce a maximal transfer of coherence at a single readout point P2 in the
sequence. However, unlike figure 12, the signal produced at P2 would be a function only of
magnetization that was transferred from 'H to X and then back again along path Path;.
[0077] Since the way that "H and X are coupled, bonded, associated, or otherwise
related affects the quantum correlation between 'H and X, the signal acquired at P2 provides
information over and above just the mere presence of 'H and X in the volume. The signal
acquired at P2 also provides information about how, if at all, 'H and X are currently
associated (e.g., bonded, paired, quantum correlated) in the volume.

[0078] Heteronuclear NMRfp, like NMR(p, relies less on a single readout point and
more on longer, continuous sampling. Therefore, in one embodiment, heteronuclear NMRfp
applies RIF and gradients to produce a randomized transfer of signal back and forth between
resonant states to facilitate more continuous sampling of coherence over the course of
multiple readout periods rather than only seeking one echo at a point like P1 or P2. In
another embodiment, heteronuclear NMR({p applies RIF and gradients to produce individual
signals from individual nuclei where those individual signals can be acquired as a signal
evolution in (k, t, E, n) space.

[0079] Figure 14 illustrates an apparatus 1400 associated with heteronuclear NMRfp.
Apparatus 1400 includes at least two individually controllable radio frequency (RF)
transmission (1TX) coils 1410 and 1420. The RF TX coils 1410 and 1420 are configured to
apply an NMR{fp RF excitation to a sample. In one example, the at least two individually
controllable RFF TX coils 1410 and 1420 are configured to apply NMRfp RF excitations in
parallel.

[0080] Apparatus 1400 includes a heteronuclear NMRfp RF excitation logic 1430 that
is configured to control the at least two RF TX coils 1410 and 1420 to produce different
NMRIfp RF excitations. The different NMR{p excitations may be produced by applying
coordinated pairs of series of variable sequence blocks as illustrated in figures 15-19. Recall
that different NMRfp RF excitations may be configured to cause different types of nuclei to
produce different signal evolutions. Rather than applying the same NMRfp RF excitations
from all the available TX coils, apparatus 1400 may apply different excitations from different
TX coils. In one example, applying the different excitations may produce a spatial

inhomogeneity in a sample.
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[0081] In one example, the NMRfp RT excitation logic 1430 is configured to make the
first NMRfp RF excitation and the second NMRfp RI excitation vary in one or more of,
target nuclei, amplitude, phase, frequency, flip angle, and delay time. In another example,
the NMR{fp RF excitation logic 1430 is configured to control the NMR apparatus 1400 to
apply RI" energy to the sample in a series of variable sequence blocks that conform to NMRfp
constraints. Members of the series may vary both within a coil and between coils.

[0082] Apparatus 1400 may include a parallel transmission logic 1440 that is
configured to control the NMRfp RF excitation logic 1430 to cause a first individually
controllable RFF TX coil to apply a first NMRfp RF excitation to the sample and to cause a
second individually controllable R TX coil to apply a second, different NMRfp R
excitation to the sample. In one example, the first and second excitations are selected,
coordinated, and configured to produce a spatial inhomogeneity between a first region in the
sample and a second region in the sample. The first and second excitations may be selected,
coordinated, and configured to make the spatial inhomogeneity sufficient to cause one type of
nuclei in the first region to produce a first signal evolution and to cause another type of nuclei
in the second region to produce a second signal evolution. This facilitates de-correlating the
first signal evolution from the second signal evolution. While two coils and two excitations
are described, it is to be appreciated that a greater number of coils and a greater number of
excitations may be employed. Additionally, in one embodiment, there may be only a single
transmit coil per nuclei. In one embodiment, the two excitations may be produced
simultaneously.

[0083] Apparatus 1400 may also include an NMR logic 1450 configured to repetitively
and variably sample a (k, t, I, n) space associated with the sample to acquire a set of NMR
signals. Recall that members of the set of NMR signals are associated with different points in
the (k, t, E, n) space, where k is k-space, tis time, E includes at least one NMR parameter,
where n is nuclei, and where one or more of, t, and E, vary non-linearly.

[0084] Apparatus 1400 may also include a signal logic 1460 configured to produce an
NMR signal evolution from the set of NMR signals and a matching logic 1470 configured to
compare the produced NMR signal evolution to a known NMR signal evolution.

[0085] Apparatus 1400 may also include a de-correlation logic 1480 configured to de-
correlate the first signal evolution from the second signal evolution and a characterization

logic 1490 configured to characterize one or more types of nuclei in the object based, at least
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in part, on comparing the produced NMR signal evolution to the known NMR signal
evolution or combination of known signal evolutions.

[0086] In one example, the characterization logic 1490 may be configured to provide
image pixel data suitable for producing a diagnostic image. The image pixel data may be
identified from correlations between the produced NMR signal evolution and the known
NMR signal evolution and between the known signal evolution and the image pixel data.
[0087] In another example, the characterization logic 1490 may be configured to
provide NMR parameter data identified from correlations between the produced NMR signal
evolution and the known NMR signal evolution or combinations of known signal evolutions
and between the known signal evolution and the NMR parameter data.

[0088] Conventional HMQC and HSQC use a series of coordinated pulses on multiple
nuclei to transfer magnetization from a first nuclei (e.g., 'H) to a second nuclei (e. g., X), and
then back to the proton after some mixing time. X may be, for example, BC. The pulses and
thus the transfer may be coordinated with gradients to make it more likely that results
associated with only one correlation pathway are visualized at a time. When the gradients are
properly designed, timed, and applied, then magnetization will transfer from the first type of
nuclei to the second type of nuclei and back. After the transfer, a signal can be received that
is a function of just the magnetization that was transferred from the first nuclei to the second
nuclei and then back along the quantum correlation pathway.

[0089] Figure 15 illustrates pulse sequences associated with one example heteronuclear
NMRfp process where RF is applied to excite two different types of nuclei (e.g., 'H, X,
where X refers to some other element) using constant spacing. In this example, RF differs
from RFy (e.g., amplitude A'H; != amplitude AX,), RFy differs from RFs (e.g., A'H, !=
AX5), and RF; differs from RFg (e.g., A1H3 1= AX3). The different RF pulses are applied to
excite the nuclei at related (e.g., corresponding, parallel, simultaneous) times and the pulses
are separated by a constant spacing. RFjq is separated from RF,, by an interval I;, that is
similar to (e.g., equals) the interval I3y separating RF, from RFs. Similarly, RFyg is
separated from RF3 by an interval I, that is similar to (e.g., equal, substantially equal) the
interval Ly between RFs5y and RFg. While different amplitudes (e.g., magnitudes) are
illustrated, different phases may also exist for corresponding RF pulses. One skilled in the art

will appreciate that other pulses may be involved.
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[0090] Figure 15 illustrates a pulse sequence where subsequent RF pulses are applied to
types of nuclei that differ from each other. In one embodiment, the pulses may differ in at
least three parameters. The three parameters may include, but are not limited to, magnitude,
phase, pulse shape, duration, time at which the pulse is applied, and interval between pulses.
[0091] Figure 16 illustrates pulse sequences associated with another example
heteronuclear NMRfp process where R is applied to excite two different types of nuclei
(e.g., lH, X) using variable, matched spacing. In this example, RFo differs from RF,

(e.g., A'H; = AX)), RFy differs from RFso (e.g., A'H, = AX,), and RF5 differs from RFg
(e.g., A'Hs = AX3). The different RF pulses are applied to the two species at corresponding
times, but the pulses are separated within their own series by variable spacing. Rl is
separated from RF,, by an interval I;; that differs from the interval I,; separating RF,, from
RF3o. Similarly, RFy is separated from RFso by an interval I5; that differs from the interval
I4; between RFsy and RFg. While different amplitudes (e.g., magnitudes) are illustrated,
different phases may also exist for corresponding RF pulses. This type of spacing between
the pulses could be altered to change the form of the coherence transfer. This may be useful
for X nuclei that have large frequency spacings (e.g., Bo).

[0092] Figure 16 illustrates a pulse sequence where subsequent RF pulses are applied to
types of nuclei that differ from each other. In one embodiment, the pulses may differ in at
least three parameters. The three parameters may include, but are not limited to, magnitude,
phase, pulse shape, duration, time at which the pulse is applied, and interval between pulses.
[0093] Figure 17 illustrates another example heteronuclear NMRfp process where RF is
applied to two different types of nuclei (e.g., 'H, X) using variable, mismatched spacing. In
this example, RFy differs from RFy (e.g., A'H; = AX)), RFy differs from RFs (e.g., A'H,
1= AX5), and RF5 differs from RFg (e.g., A1H3 = AX3). The different RF pulses are applied
to the two types of nuclei at different times, and the pulses in a series for a single type of
nuclei are separated within their own series by variable spacing. RFg is separated from Ry
by an interval I;, that differs from the interval I3, separating RF4y from RFsy and that differs
from the interval I, separating RF,y from RF3y. Similarly, RF,g is separated from RF;p by an
interval I, that differs from the interval Iy, between RFs5y and RFg,. While different
amplitudes (e.g., magnitudes) are illustrated, different phases may also exist for
corresponding RF pulses. Thus, figure 17 illustrates changes in magnitude, phase, and

spacing of RF pulses separately between different nuclei. This type of spacing between the
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pulses and differences between spacings between species could be altered to change the form
of the coherence transfer.

[0094] Figure 17 illustrates a pulse sequence where subsequent RF pulses are applied to
types of nuclei that differ from each other. In one embodiment, the pulses may differ in at
least three parameters. The three parameters may include, but are not limited to, magnitude,
phase, pulse shape, duration, time at which the pulse is applied, and interval between pulses.
[0095] Figure 18 illustrates an example heteronuclear NMR{p process where RFE is
applied to two different types of nuclei (e.g., 'H, X) using two coordinated series of variable
sequence blocks having variable, matched spacing. In this example, gradients are also
applied. For example a first gradient G; may be applied during interval [,y and a second
gradient G, may be applied during interval I,;. The gradients cause the acquired signal to be
a function of magnetization that was transferred from 'H to X and then back along a quantum
correlation path between 'H and X. The gradients may have varying spacing, strength, and
form. For example, G; may have a first amplitude AG; that does not equal the amplitude
AG; of gradient G,. In different examples, the gradients may have arbitrary or random
spacings. By way of illustration, gradient G1 may be applied at first time, which is closer to
RFjy or may be applied at a second time T2, which is closer to RF,. As a pulse sequence
progresses, gradients may be presented at varying times.

[0096] Figure 18 illustrates a pulse sequence where subsequent RF pulses are applied to
nuclei that differ from each other. In one embodiment, the pulses may differ in at least three
parameters. The three parameters may include, but are not limited to, magnitude, phase,
pulse shape, duration, time at which the pulse is applied, and interval between pulses.

[0097] Figure 19 illustrates pulse sequences associated with an example heteronuclear
process where RF is applied to excite three different types of nuclei (e.g., 'H, X;, X) using
three coordinated series of variable sequence blocks having variable, matched spacing. In
this example, RF;, differs from RF4 and both differ from RF7, (e.g., AlHl 1= AX1, 1=
AX2), RF, differs from RFsy and bother differ from RFg (e.g., Ale 1= AX1, 1= AX2,),
and RF3 differs from RFgo and both differ from RFq (e.g., A1H3 1= AX1;3 = AX23). The
different RF pulses are applied to excite the three types of nuclei at corresponding times, but
the pulses are separated by variable spacing. R is separated from R, by an interval I
that differs from the interval I, separating RF,y from RF3y. In one example, interval Iso

matches interval 11y and interval I¢y matches Interval Io. Other different spacings are also
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illustrated. While different amplitudes (e.g., magnitudes) are illustrated, different phases may
also exist for corresponding RI pulses. This type of spacing between the pulses could be
altered to change the form of the coherence transfer. This example process may be useful for
some sets of different types of nuclei including, but not limited to, (lH, 17O, 31P) and (lH,
»Na, 'P). By way of illustration, ('H, "0,°'p) may be useful for analyzing mitochondrial
function and ("H, *Na, *'P) may be useful for analyzing other metabolic processes.

[0098] Figure 19 illustrates a pulse sequence where subsequent RF pulses are applied to
types of nuclei that differ from each other. In one embodiment, the pulses may differ in at
least three parameters. The three parameters may include, but are not limited to, target
nuclei, magnitude, phase, pulse shape, duration, time at which the pulse is applied, and
interval between pulses.

[0099] While example systems, methods, and so on have been illustrated by describing
examples, and while the examples have been described in considerable detail, it is not the
intention of the applicants to restrict or in any way limit the scope of the appended claims to
such detail. It is, of course, not possible to describe every conceivable combination of
components or methodologies for purposes of describing the systems, methods, and so on
described herein. Therefore, the invention is not limited to the specific details, the
representative apparatus, and illustrative examples shown and described. Thus, this
application is intended to embrace alterations, modifications, and variations that fall within
the scope of the appended claims.

[00100] The following includes definitions of selected terms employed herein. The
definitions include various examples and/or forms of components that fall within the scope of
a term and that may be used for implementation. The examples are not intended to be
limiting. Both singular and plural forms of terms may be within the definitions.

[00101] References to “one embodiment”, “an embodiment”, “one example”, “an
example”, and so on, indicate that the embodiment(s) or example(s) so described may include
a particular feature, structure, characteristic, property, element, or limitation, but that not
every embodiment or example necessarily includes that particular feature, structure,
characteristic, property, element or limitation. Furthermore, repeated use of the phrase “in
one embodiment” does not necessarily refer to the same embodiment, though it may.

[00102] “Computer-readable medium”, as used herein, refers to a non-transitory medium

that stores signals, instructions and/or data. A computer-readable medium may take forms,
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including, but not limited to, non-volatile media, and volatile media. Non-volatile media may
include, for example, optical disks, magnetic disks, and other disks. Volatile media may
include, for example, semiconductor memories, dynamic memory, and other memories.
Common forms of a computer-readable medium may include, but are not limited to, a floppy
disk, a flexible disk, a hard disk, a magnetic tape, other magnetic medium, an ASIC, a CD,
other optical medium, a RAM, a ROM, a memory chip or card, a memory stick, and other
media from which a computer, a processor or other electronic device can read.

[00103] “Logic”, as used herein, includes but is not limited to hardware, firmware,
software in execution on a machine, and/or combinations of each to perform a function(s) or
an action(s), and/or to cause a function or action from another logic, method, and/or system.
Logic may include a software controlled microprocessor, a discrete logic (e.g., ASIC), an
analog circuit, a digital circuit, a programmed logic device, a memory device containing
instructions, and other devices. Logic may include one or more gates, combinations of gates,
or other circuit components. Where multiple logical logics are described, it may be possible
to incorporate the multiple logical logics into one physical logic. Similarly, where a single
logical logic is described, it may be possible to distribute that single logical logic between
multiple physical logics.

[00104] An “operable connection”, or a connection by which entities are “operably
connected”, is one in which signals, physical communications, and/or logical
communications may be sent and/or received. An operable connection may include a
physical interface, an electrical interface, and/or a data interface. An operable connection
may include differing combinations of interfaces and/or connections sufficient to allow
operable control. For example, two entities can be operably connected to communicate
signals to each other directly or through one or more intermediate entities (e.g., processor,
operating system, logic, software). Logical and/or physical communication channels can be
used to create an operable connection.

[00105] “User”, as used herein, includes but is not limited to one or more persons,
software, computers or other devices, or combinations of these.

[00106] To the extent that the term “includes” or “including” is employed in the detailed
description or the claims, it is intended to be inclusive in a manner similar to the term

“comprising” as that term is interpreted when employed as a transitional word in a claim.



WO 2014/062346 PCT/US2013/060668

27-

[00107] To the extent that the term “or” is employed in the detailed description or claims
(e.g., A or B)itis intended to mean “A or B or both”. When the applicants intend to indicate
“only A or B but not both” then the term “only A or B but not both” will be employed. Thus,
use of the term “or” herein is the inclusive, and not the exclusive use. See, Bryan A. Garner,
A Dictionary of Modern Legal Usage 624 (2d. Ed. 1995).

[00108] To the extent that the phrase “one of, A, B, and C” is employed herein, (e.g., a
data store configured to store one of, A, B, and C) it is intended to convey the set of
possibilities A, B, C, AB, AC, BC, or ABC (e.g., the data store may store only A, only B,
only C, A&B, A&C, B&C, or A&B&C). Itis not intended to require one of A, one of B, and
one of C. When the applicants intend to indicate “at least one of A, at least one of B, and at
least one of C”, then the phrasing “at least one of A, at least one of B, and at least one of C”
will be employed.

[00109] To the extent that the phrase “one or more of, A, B, and C” is employed herein,
(e.g., a data store configured to store one or more of, A, B, and C) it is intended to convey the
set of possibilities A, B, C, AB, AC, BC, ABC, AA...A,BB...B, CC...C, AA...ABB...B,
AA...ACC...C,BB...BCC...C, or AA...ABB...BCC...C (e.g., the data store may store only
A, only B, only C, A&B, A&C, B&C, A&B&C, or other combinations thereof). It is not
intended to require one of A, one of B, and one of C. When the applicants intend to indicate
“at least one of A, at least one of B, and at least one of C”, then the phrasing “at least one of

A, at least one of B, and at least one of C” will be employed.
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Claims

What is claimed is:

1. A method for controlling a nuclear magnetic resonance (NMR) apparatus,

comprising:

controlling the NMR apparatus to apply radio frequency (RF) energy to a
volume in an object,

where the RI energy is applied in two or more coordinated series of variable
sequence blocks,

where a variable sequence block includes one or more excitation phases, one
or more readout phases, and one or more waiting phases,

where at least one sequence block in a series of variable sequence blocks
differs from at least one other variable sequence block in the series in at least N sequence
block parameters, N being an integer greater than one,

where a first member of the coordinated series is configured to cause a first
nuclei type in the volume to produce a first NMR signal, and

where a second member of the coordinated series is configured to cause a
second different nuclei type in the volume to produce a second NMR signal;

controlling the NMR apparatus to acquire a signal evolution from the volume,
where the signal evolution is a function of NMR excitation produced by applying the RF
energy in the coordinated series of variable sequence blocks; and

controlling the NMR apparatus to characterize the volume as a function of
comparing the signal evolution to one or more of, a reference signal evolution, and a

combination of reference signal evolutions.

2. The method of claim 1, where the RF energy is configured to cause a transfer
of magnetization between the first nuclei type and the second nuclei type according to a

quantum correlation pathway.

3. The method of claim 2, where the first nuclei type is 'H and where the second

nuclei type is one of 13C, 14N, 15N, 31P, and 0.
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4. The method of claim 2, where the first nuclei type is BC and where the second
nuclei type is one of "N and *'P.

5. The method of claim 1, where the N sequence block parameters comprise

three or more of: echo time, flip angle, phase encoding, diffusion encoding, flow encoding,
RF pulse amplitude, RF pulse phase, number of RF pulses, type of gradient applied between
an excitation portion of a sequence block and a readout portion of a sequence block, number
of gradients applied between an excitation portion of a sequence block and a readout portion
of a sequence block, type of gradient applied between a readout portion of a sequence block
and an excitation portion of a sequence block, number of gradients applied between a readout
portion of a sequence block and an excitation portion of a sequence block, type of gradient
applied during a readout portion of a sequence block, number of gradients applied during a

readout portion of a sequence block, amount of RF spoiling, and amount of gradient spoiling.

6. The method of claim 1, comprising:
controlling the NMR apparatus to vary one or more of, the amount of time
between sequence blocks, the relative amplitude of RF pulses in sequence blocks, and the

relative phase of RI" pulses in sequence blocks.

7. The method of claim 1, comprising:
controlling the NMR apparatus to apply the RIF energy according to a partially

random acquisition plan configured to under-sample the object at an under-sampling rate R.

8. The method of claim 1, where the reference signal evolutions include signals

outside the set of signal evolutions characterized by:

SE=A-Be"®

where:

SE is a signal evolution,

A is a constant,

B is a constant,

t is time, and

C is a single relaxation parameter.
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The method of claim 1, where the reference signal evolutions include a signal

evolution selected from a set of signal evolutions described by one of :

Ng Nap

SE = HZ R {&)Rer, (o, @} R{GE(TLTZ.D, §, ..

-1 §-1
and
Ng Npg
se=[]] |2 @trer, wodr@EGLIZY,
i-1 -1
where:

SE is a signal evolution,

Na is a number of sequence blocks,

Nrr is a number of RF pulses in a sequence block,
a is a flip angle,

@ is a phase angle,

Ri(a) is a rotation due to off resonance,
Rgrij(0, D) is a rotation due to RF differences,
R(G) is a rotation due to a gradient,

TT1 is spin-lattice relaxation,

T2 is spin-spin relaxation,

D is diffusion relaxation,

f is the resonant frequency, and

Ei(T1,T2,D.1,...) is signal change per sequence block

}

10. The method of claim 1, where signal content of the signal evolution varies
directly with N.
11. The method of claim 1, comprising:

controlling the NMR apparatus to selectively apply a first set of sequence

blocks selected from the coordinated series of variable sequence blocks from a first of two or

more TX coils arranged in a parallel transmission array available to the NMR apparatus and
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to selectively apply a second set of sequence blocks selected from the coordinated series of
variable sequence blocks from a second of the two or more TX coils; and
controlling the NMR apparatus to acquire individual NMR signal evolutions

simultaneously produced in response to applying the first set and the second set.

12. The method of claim 11, comprising selecting the first set and the second set
so that members of the sets differ in one or more of, amplitude, phase, frequency, delay, and

flip angle.

13. The method of claim 11, comprising selecting the first set and the second set
so that members differ in an amount effective to change contrast in the sample from sequence

block to sequence block, and from location to location.

14. The method of claim 11, where the first set and the second set are configured
to produce a spatial inhomogeneity in the sample to which the first set and the second set are

applied, the spatial inhomogeneity being a flip angle or excitation phase distribution.

15. A nuclear magnetic resonance (NMR) apparatus, comprising:

an NMR logic configured to repetitively and variably sample a (k, t, E, n)
space associated with an object to acquire a set of NMR signals associated with two or more
types of nuclei in the sample, where members of the set of NMR signals are associated with
different points in the (k, t, E, n) space, where k is frequency pace, t is time, where E includes
at least one NMR parameter, and where n is nuclei;

a signal logic configured to produce an NMR signal evolution from the set of
NMR signals, and

a matching logic configured to compare the produced NMR signal evolution

to a known NMR signal evolution or combinations of signal evolutions.

16. The apparatus of claim 15, comprising:
two or more individually controllable radio frequency (RF) transmission (TX)

coils configured to apply NMRfp RF excitations to the sample in parallel;
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an NMRIfp RF excitation logic configured to control members of the two or
more RFF TX coils to produce NMRfp RI excitations, where an individual NMRfp RF
excitation is configured to cause the two or more types of nuclei in the sample to produce
different signal evolutions;

a parallel transmission logic configured to control the NMRfp RF excitation
logic to cause a first member of the two or more individually controllable RIF TX coils to
apply a first NMRfp RF excitation to the sample and to cause a second member of the two or
more individually controllable RF TX coils to apply a second, different NMRfp RF excitation
to the sample,

where the first NMRfp RF excitation and the second NMRfp RT excitation are
configured to produce a spatial inhomogeneity between a first region in the sample and a
second region in the sample, and

where the spatial inhomogeneity is sufficient to cause nuclei in the first region
to produce a first signal evolution and to cause nuclei in the second region to produce a
second signal evolution, where the first signal evolution is orthogonal to the second signal

evolution by more than a threshold amount.

17. The NMR apparatus of claim 15, where the NMR logic is configured to apply
RF according to a variable series of sequence blocks designed to cause a transfer of
magnetization between a first nuclei type and a second nuclei type, where there is a quantum
correlation pathway between the first nuclei type and the second nuclei type, and where the

transfer of magnetization occurs along the quantum correlation pathway.

18. The NMR apparatus of claim 17, comprising a characterization logic
configured to characterize nuclei in the object based, at least in part, on comparing the
produced NMR signal evolution to the known NMR signal evolutions or combinations of

signal evolutions.

19. The NMR apparatus of claim 18, where at least one member of the variable
series of sequence blocks differs from at least one other member of the variable series of

sequence blocks in at least one of, the number of o2 pulses in a sequence block, the spacing
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of a2 pulses in a sequence block, the phase of a2 pulses in a sequence block, and the

amplitude of a2 pulses in a sequence block.

20. A non-transitory computer-readable medium storing computer executable
instructions that when executed by a computer control the computer to perform a method, the
method comprising:

controlling a nuclear magnetic resonance apparatus (NMR) to apply radio
frequency (RF) energy suitable to produce concurrent nuclear magnetic resonance in two or
more different types of nuclei in a volume, where the two or more different types of nuclei
share a quantum correlation,

where the NMR apparatus is controlled to apply the R energy in at least two
different sequence blocks that differ in at least two or more of, the number of a2 pulses, the
amplitude of a2 pulses, the phase of a2 pulses, and the spacing between a2 pulses; and

determining two or more NMR parameters for the two or more different types
of nuclei by pattern matching NMR signals acquired from the volume to reference signal

evolutions or combinations of signal evolutions.
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