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(57) ABSTRACT

Systems and methods for producing quantitative maps of a
longitudinal relaxation parameter, such as a longitudinal
relaxation time (“T1”), using magnetic resonance imaging
(“MRI”) are described. More particularly, a pulse sequence
Provisional application No. 62/452,733, filed on Jan. and imaging method for cardiac phase-resolved myocardial
T1 mapping are provided.
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SYSTEM AND METHOD FOR DYNAMIC,
CARDIAC PHASE-RESOLVED
QUANTITATIVE LONGITUDINAL
RELAXATION PARAMETER MAPPING

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Patent Application Ser. No. 62/452,733, filed on Jan.
31, 2017, and entitled “SYSTEM AND METHOD FOR
DYNAMIC, CARDIAC PHASE-RESOLVED QUANTI-
TATIVE LONGITUDINAL RELAXATION PARAMETER
MAPPING,” which is herein incorporated by reference in its
entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

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

BACKGROUND

[0003] Cardiovascular MRI (CMR) can play a significant
role in the diagnosis, staging, and monitoring of numerous
ischemic and non-ischemic cardiomyopathies. Recently,
parameter mapping in the heart has expanded the CMR
toolbox, enabling the detection of diffuse pathologies and
quantitative diagnosis. Among quantitative imaging tech-
nologies, myocardial T1 mapping has shown promising
diagnostic and prognostic value in a wide range of diseases.
[0004] Early techniques for quantification of the longitu-
dinal relaxation time (T1) in the heart have employed
continuous imaging using equidistant FLASH excitations,
following an initial inversion pulse, as originally proposed
by D. C. Look and D. R. Locker in “Time Saving in
Measurement of NMR and EPR Relaxation Times,” Review
of Scientific Instruments, 1970; 41:250-251. This technique
allowed regional estimation of the T1 time by evaluating
separate regions-of-interest in each cardiac cycle.

[0005] For voxel-wise quantification, the Modified Look-
Locker Inversion recovery sequence (“MOLLI”) was intro-
duced, which performed single-shot imaging triggered to the
end-diastolic quiescence in a Look-Locker type inversion-
recovery experiment, as described by D. R. Messroghli, et
al., in “Modified Look-Locker inversion recovery (MOLLI)
for high-resolution T1 mapping of the heart,” Magnetic
resonance in Medicine, 2004; 52(1):141-146. The MOLLI
pulse sequence enabled spatially-resolved quantification of
the T1 time as a parameter map (T1 mapping) and estab-
lished widespread use of quantitative CMR. Other imaging
sequences, based on inversion or saturation recovery, or a
combination of both, have been subsequently introduced for
myocardial T1 mapping, each offering a distinct profile of
advantages and disadvantages.

[0006] Myocardial T1 maps are conventionally acquired
at a single end-diastolic phase. Recently, quantitative imag-
ing during systole has been introduced, promising reduced
partial volume effects, as well as increased resilience to
heart-rate variability. Also, imaging throughout the cardiac
cycle using variable flip-angle steady-state acquisitions has
been explored for quantitative mapping in a preclinical
mouse study, as described by B. F. Coolen, et al., in
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“Three-dimensional T1 mapping of the mouse heart using
variable flip angle steady-state MR imaging,” NMR Biomed,
2011; 24(2):154-162. However, due to limitations in terms
of B1+ correction in the sequence proposed by B. F. Coolen,
et al., quantitative T1 times were only derived at the end-
diastolic phase.

[0007] Quantitative analysis of the T1 time in the myo-
cardium conventionally entails manually delineating the
myocardium from the surrounding blood pools. Hence,
consistent contouring of the myocardium is important for the
reproducibility of cardiac T1 measurements. However, sub-
epicardial fatty infiltrations, myocardial crypts, trabeculae,
and other structures have previously been shown to hamper
the identification of the blood myocardial interface in single-
phase cardiac images. Better temporal resolution, or the
ability to view the changes in these structures over the
cardiac phase, may facilitate differentiation.

SUMMARY OF THE DISCLOSURE

[0008] The present disclosure addresses the aforemen-
tioned drawbacks by providing a method for producing a
map of a longitudinal relaxation parameter for a tissue of a
subject using a magnetic resonance imaging (“MRI”) sys-
tem. The method includes establishing a selected magneti-
zation state in the tissue of the subject using the MRI system
and, after the selected magnetization state is established,
applying a Tl-preparation RF pulse to generate inverted
magnetization in the tissue of the subject, which may be
partially or completely inverted magnetization. While the
inverted magnetization in the tissue of the subject is recov-
ering back to the selected magnetization state, a data set is
acquired at each of a plurality of different cardiac phases by
sampling k-space in a k-space segment. The magnetization
is then inverted again and more data are acquired for a
selected number of inversion recovery periods, such that a
plurality of data sets are acquired for each of the plurality of
different cardiac phases. Images are reconstructed from the
plurality of data sets and a map of the longitudinal relaxation
parameter is produced by fitting the images to a parametric
signal model that at least includes a parameter associated
with the longitudinal relaxation parameter and another
parameter associated with an inversion efliciency.

[0009] The foregoing and other aspects and advantages of
the present disclosure will appear from the following
description. In the description, reference is made to the
accompanying drawings that form a part hereof, and in
which there is shown by way of illustration a preferred
embodiment. This embodiment does not necessarily repre-
sent the full scope of the invention, however, and reference
is therefore made to the claims and herein for interpreting
the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1 is an example pulse sequence diagram for a
temporally resolved parametric assessment of z-magnetiza-
tion recovery pulse sequence.

[0011] FIG. 2 shows simulation results depicting phantom
accuracy, precision, and sequence duration as a function of
repetition time (“TR”) and flip angle, as assessed using
Bloch-simulations with additive Rician-noise. The simula-
tions illustrate that high flip-angles and short TRs may
impair sensitivity to the T1 time and substantially compro-
mise fit accuracy and precision. On the other hand, the
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simulations illustrate that long TRs and low flip-angles may
result in long recovery periods leading to increased scan
time. Based on these simulation results, a TR of 5 ms and a
flip-angle of 3 degrees can be selected as a compromise
between accuracy, precision, and scan duration.

[0012] FIG. 3 is a flowchart setting forth the steps of an
example method for producing a T1 map using a temporally
resolved parametric assessment of z-magnetization recovery
pulse sequence

[0013] FIG. 4 is a block diagram of an example magnetic
resonance imaging (“MRI”) system that can implement the
methods described in the present disclosure.

DETAILED DESCRIPTION

[0014] Described here are systems and methods for pro-
ducing quantitative maps of a longitudinal relaxation param-
eter, such as a longitudinal relaxation time (“T1”), using
magnetic resonance imaging (“MRI”). The present disclo-
sure provides a pulse sequence and imaging method for
cardiac phase-resolved myocardial T1 mapping. More par-
ticularly, the present disclosure provides a pulse sequence
and quantitative reconstruction technique that allows for
dynamic T1 mapping of multiple different cardiac phases,
which can also then be used to create a quantitative video of
a heart-beat.

[0015] The pulse sequence described here employs an
initial inversion pulse and subsequent imaging with spoiled
gradient echoes for a given number of cardiac phases. As a
result, acquisition of multiple k-space lines per heart-beat
and per cardiac phase can be achieved. Imaging readout is
repeated for multiple heart-beats after the inversion pulse,
until a pulsed steady-state is reached. Hence, for each
cardiac phase, k-space data are acquired with multiple
inversion times. In some instances, to maintain continuous
image excitation, dummy RF excitations with no imaging
readout may be played after the given number of cardiac
phases is acquired and until the detection of the following
R-wave for each heart-beat.

[0016] The method described here, which can be referred
to as a TempOrally-resolved Parametric Assessment of
7-magnetization recovery (“TOPAZ”) method, implements
a contiguous spoiled gradient echo readout (e.g., a fast
low-angle shot, or “FLASH,” pulse sequence) after magne-
tization inversion from a pulsed steady-state. Using this
sequence, segmented k-space data are acquired over mul-
tiple heart beats, before reaching steady-state. As a result,
the T1 recovery curve is sampled for each cardiac phase at
multiple time points separated by an R-R interval.

[0017] Based on the data acquired with this pulse
sequence, joint T1 and Bl+ (transmit radio frequency)
estimation can be performed for reconstruction of cardiac
phase-resolved T1 and B1+ maps. For instance, B1+ cor-
rection can be performed in an integrated manner using the
inversion-efficiency coeflicient of a rectangular radio fre-
quency (“RF”) inversion pulse.

[0018] The present disclosure thus provides for temporally
and spatially resolved mapping of the native myocardial T1
times, and also for integrated B1+ correction. As will be
described below, acquisition parameters can be selected to
yield optimal T1 mapping precision based on numerical
simulations. With this method, in vivo imaging can be
performed in a single breath-hold acquisition to provide a
quantitative measurement of myocardial T1.
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[0019] A pulse sequence diagram for an example imple-
mentation of the TOPAZ acquisition described in the present
disclosure is shown in FIG. 1. The signal is first driven to a
selected magnetization state. In general, the selected mag-
netization state is a well-defined state, such as a state that can
be analytically described in an image reconstruction and that
is reproducible from segment-to-segment. As non-limiting
examples, the selected magnetization state can be a pulsed
or other steady-state, thermal equilibrium, or a desired level
of saturation (e.g., total saturation in a particular tissue). In
one example implementation, the acquisition begins with
continuous FLASH imaging pulses to drive magnetization
to a pulsed steady-state.

[0020] An initial T1-preparation RF pulse 102 is then
applied following, or contemporaneous with, the detection
of a physiological trigger event to generate inverted mag-
netization, which may be partial or complete inverted mag-
netization. The T1-preparation RF pulse 102 can thus have
a flip angle of 180 degrees in some instances, or less than or
more than 180 degrees in other instances. For example, the
flip angle of the T1-preparation RF pulse 102 can be 170
degrees to provide near complete inversion of magnetization
in the selected magnetization state. As one specific and
non-limiting example, the magnetization inversion is per-
formed from a steady-state signal using a rectangular hard
pulse for the T1-preparation RF pulse 102.

[0021] The physiological trigger event can be an R-wave
104, or other signal feature of an electrocardiogram (“ECG™)
signal measured from the subject being imaged. In other
examples, the physiological trigger event can be based on
other physiological signals, including pulse oximetry sig-
nals, respiratory signals, self-gating signals, and so on.
[0022] Following this initial magnetization inversion,
FLASH pulses 106 are continuously played to allow for the
sampling of an apparent T1 recovery curve 108. The k-space
readouts 110 are segmented across several cardiac phases for
sufficient temporal resolution. As shown in FIG. 1, data are
acquired during five different cardiac phases in each heart-
beat, which are labeled as cardiac phases “A,” “B,” “C,”
“D,” and “E.” Multiple inversion times are sampled on the
T1 recovery curve 108 until the selected magnetization state
(e.g., pulsed steady-state, thermal equilibrium, desired level
of saturation) is reached and another magnetization invet-
sion is performed with the application of another T1-prepa-
ration RF pulse 102 to sample the next k-space segments. In
the example shown in FIG. 1, magnetization inversion is
repeated after 5 R-R intervals. This is repeated several times
to fill k-space for each cardiac phase at five different
inversion-times.

[0023] Using the technique described above, a k-space
segment is acquired at each cardiac phase for several sample
times on the T1 recovery curve 108, where the inversion
times for a given cardiac phase are separated by the duration
of the R-R interval. As stated above, after multiple heart-
beats, the magnetization is driven to the selected magneti-
zation state (e.g., pulsed steady-state, thermal equilibrium,
desired level of saturation) and the acquisition of the next
series of k-space segments starts with another T1-prepara-
tion RF pulse 102 played at the next physiological trigger
event (e.g., the next R-wave 104).

[0024] To avoid deviation from the recovery curve in the
presence of R-R interval variations (or other variations in the
time interval between physiological trigger events), dummy
pulses 112, with no corresponding signal readout, are played
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after the acquisition of a pre-determined number of cardiac
phases until the detection of the subsequent physiological
trigger event (e.g., R-wave 104).

[0025] Imaging during continuous RF excitation (e.g.,
FLASH excitation) allows sampling of an apparent longi-
tudinal relaxation time, as will be described below. More-
over, knowledge of the pulse repetition time (“TR”) and the
flip-angle (“FA”) can enable the determination of actual T1
values from the measured apparent longitudinal relaxation
time. The flip-angle can be integratedly assessed when a
non-adiabatic module is used for magnetization preparation.
The efficiency of this pulse can then also be used to obtain
a dynamic quantification of the effective B1+ transmit field
strength and the effective FA.

[0026] Flip-angle and TR values can be selected based on
numerical simulations to optimize the T1 mapping sensitiv-
ity of the pulse sequence. In one example, the number of
k-space segments was selected to be between 8 and 12,
depending on the heart-rate, to yield scan times between
17-23 s.

[0027] The magnetization signal during contiguous
FLASH pulses can be described, by a three parameter
inversion recovery model,

b 8]
M, () = Mss — (Mss - M,(0)-e T1;

[0028] where T,* is an apparent longitudinal relaxation
time, which is a function of the flip-angle (“FA”) and the
repetition time (“TR”):

11 ot @
T = (T_l ~ TR -log(cos{w))] ;
[0029] where . is the flip-angle.
[0030] When the magpetization inversion is performed

from the steady-state signal using a rectangular hard pulse,
for an inversion flip angle of ¢,,,, the initial signal can be
described as,

A%

M_(0)=M;g cos(a,,) 3%
[0031] which leads to the magnetization,

4 @
M) = Ms(1 - (1 - cos(@n)) e 1.

[0032] Thus, parameter quantification can be performed
using a three-parameter least square fit,

, _w”? (5)
(A, B, YA";) = arg min Z ||S(tk)— '.A(l —Be i ))| ;
ABT}
«

[0033] where t, denotes the inversion time of the k” image
and S(t,) is the corresponding signal for a given pixel
location.

[0034] Because the “B” parameter describes the inversion
efficiency, phase-resolved B1+ information can be estimated
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from the three-parameter fit. When a nominal inversion flip

angle of a.,,,,, ;,,,, 18 utilized, the equation,
_ cos 1(B - 1) (6)
N Qpom,inv '

[0035] results in the temporally-resolved, pixel-wise B1+

flip-angle scaling factor that can be used as a Bl+ map.
Accordingly, the actual excitation flip-angle can be derived
from the three fit parameters as,

Qexc iny cos'(B-1) O]
x =p= .
Qexe,nom Linv,nom Liny,nom
[0036] Here, .., is the nominal excitation flip-angle

after compensation for slice-profile effects. As an example,
given the signal along a non-constant slice profile, a(x), the
nominal excitation flip-angle after compensation for slice-
profile effects can be given as,

8
[ Mss(etn)aterdx ®)
o= | B
fXM ss(ax))dx

[0037] where,
TR
sin(oz)(l - e”ﬁ] ®
Mgs(a) = =
1 -cos(a)e T
[0038] The T1 time can then be derived from the three fit

parameters as,

10

o1 B
T = (f_: - ﬁ1og(cos(01ex,:J)]

105 -1
1 1 cos (B - 1)
B F - ﬁlo cos a‘exc,nomm .
| .

[0039] As one example, the three-parameter fitting in Eqn.
(5) can be performed using a bounded parameter range for
the inversion efliciency (e.g., [1.4, 2.4]) to avoid detrimental
effects of outliers in the B1+ maps of late cardiac phases.
When using o, =0, it will be noticed that a value for T1
is used to calculate M (o) via Eqn. (9). In these instances,
T1 can be iteratively calculated using the following:

1 log(cos(axlc»]’l an
t——

[0040] initialized with Mg((c) corresponding to the T1
value obtained without slice-profile correction.
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[0041] The sensitivity of the parameter estimation
described above is a function of the T1, the flip-angle, and
the TR. In an example study, numerical Monte-Carlo simu-
lations were performed to optimize the T1 time precision in
dependence of the sequence parameters. The signal through-
out the proposed sequence was simulated using Bloch-
simulations with additive Rician-noise. Simulations were
performed at an SNR of 30, with a heart-rate of 60 beats-
per-minute (“bpm”), with no B1+ variations and a tissue T1
time of 1550 ms to resemble healthy myocardial tissue at a
field strength of 3 T. The T1 time accuracy and T1 time
precision were obtained as the mean and standard deviation
of the estimated T1 across 1000 noise patterns, respectively.
[0042] To allow for sufficient recovery before the reinver-
sion, the number of heart-beats between the inversion pulses
in the simulated sequence was adapted to allow for recovery
to at least 95% of the steady-state signal for each (TR, FA)
pair and the given T1 value. This led to different scan times
for different (TR, FA) settings, and restricted the applicable
parameter range in order to avoid long breath-hold dura-
tions. The simulated parameter range spanned 1-20 degrees
flip-angle in steps of 1 degree, and 3.5-15.0 ms TR in steps
of 0.5 ms.

[0043] FIG. 2 shows the precision, accuracy, and duration
(i.e., scan time) of the proposed technique as functions of TR
and flip-angle based on the numerical simulation described
above. High flip-angles and short TRs cause rapid recovery
to the steady-state magnetization, which prevents accurate
T1 estimation and hampers the estimation precision. On the
other hand, low flip-angles (e.g., those well below the Ernst
angle) result in compromised T1 mapping precision due to
insufficient imaging SNR. Long TRs increase the duration of
the recovery and the steady-state signal, leading to improved
precision, although at the cost of prolonged scan time. Based
on these numerical simulations, as one example, a TR of 5
ms and a flip angle of 3 degrees can be chosen as a balanced
trade-off between T1 mapping precision and scan time. It
will be appreciated that other acquisition parameters can
also be seclected taking into consideration the trade-offs
described above.

[0044] Referring now to FIG. 3, a flowchart is illustrated
as setting forth the steps of an example method for produc-
ing a quantitative T1 map using an MRI system. The method
includes initializing acquisition parameters for the pulse
sequence, as indicated at step 302. For instance, acquisition
parameters such as flip angle, repetition time, the number of
k-space segments (and corresponding number of cardiac
phases) to acquire in each inversion recovery period, and the
number of inversion recovery periods (and corresponding
number of T1-preparation RF pulses to be applied) are
selected. In one example, the flip angle may be 3 degrees, the
repetition time may be 5 milliseconds, the number of
k-space segments to be acquired in each inversion recovery
period may be selected from a range of §-12, and the number
of inversion recovery periods may be 5.

[0045] The method then includes establishing a selected
magnetization state (e.g., a pulsed or other steady-state,
thermal equilibrium, a desired level of saturation) in a tissue
of a subject to be imaged, as indicated at step 304. For
example, steady-stage magnetization can be established by
applying a series of continuous RF pulses with a low flip
angle (e.g., continuous FLASH imaging pulses). After the
selected magnetization state is established, the magnetiza-
tion is inverted, as indicated at step 306, to generate inverted
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magnetization, which may be fully or partially inverted. For
example, the magnetization is inverted by applying a
T1-preparation RF pulse with the MRI system. The magne-
tization inversion is timed to be contemporaneous with, or to
otherwise follow, the detection of a physiological trigger
event measured from the subject. As one example, the
physiological trigger event can be the detection of an
R-wave, or other features, in an ECG signal measured from
the subject. In other examples, the physiological trigger
event can be measured from other physiological signals,
such as pulse oximetry signals, respiratory signals, self-
gating signals, and so on.

[0046] While the magnetization is recovering, the Tl
recovery curve is sampled by acquiring data in multiple
different k-space segments at a corresponding multiple dif-
ferent cardiac phases. Thus, data are acquired in a k-space
segment across multiple cardiac phases, as indicated at step
308. As an example, the data are acquired using a series of
spoiled gradient acquisitions with a low flip angle (e.g,,
using a FLASH acquisition scheme). After the selected
number of acquisitions has been performed for the k-space
segment and the cardiac phases, dummy RF pulses with no
corresponding signal acquisition may be played out, as
indicated at step 310, until the detection of a physiological
trigger event, as indicated at decision block 312. As men-
tioned above, the physiological trigger event may be the
detection of an R-wave or other feature in an ECG signal
measured from the subject. In other examples, the physi-
ological trigger event can be based on other physiological
signals, including pulse oximetry signals, respiratory sig-
nals, self-gating signals, and so on.

[0047] After detection of this physiological trigger event,
a determination is made as to whether the selected magne-
tization state has been established again, as indicated at
decision block 314. If not, then data are acquired in the same
k-space segment for the next set of cardiac phases. Because
these data are acquired at different time points in the
magnetization recovery curve, they will be representative of
different inversion times.

[0048] When the selected magnetization state is estab-
lished again, as determined at decision block 314, a deter-
mination is made as to whether a stopping criterion has been
established, as determined at decision block 316. As one
example, the stopping criterion can be based on whether the
selected number of k-space segments have been acquired
across the selected number of inversion recovery periods. If
the stopping criterion has not yet been satisfied, the next
k-space segment is selected at step 318 and the magnetiza-
tion is inverted again at step 306. Data for the next k-space
segment are then acquired over multiple cardiac phases
while the magnetization recovers back to the selected mag-
netization state, as described above. In some instances, the
image acquisition can be repeated multiple times by playing
the T1-preparation RF pulse at a different times within the
heartbeat.

[0049] After data are acquired for all selected k-space
segments and cardiac phases across the selected number of
inversion recovery periods, images are reconstructed from
the acquired data, as indicated at step 320. The reconstructed
images are then fitted to a parametric signal model to jointly
estimate T1 and B1+ maps, as indicated at step 322. For
example, the images can be fitted to the parametric signal
model shown in Eqn. (5) using a least squares fit. In general,
the parametric model includes a parameter associated with
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the longitudinal relaxation time (or rate) and a parameter
associated with the inversion efficiency. The parameter
associated with the inversion efliciency can be used to
estimate the B1+ map. This joint estimation of T1 and B1+
maps can provide Bl+ adjusted correction of apparent
longitudinal relaxation times (e.g., for T,* maps). As noted
above, the T1 maps can in some instances be estimated using
a flip angle value that has been corrected for slice-profile
effects.

[0050] Although a conventional image reconstruction can
be used in step 320, in some implementations a multi-scale
locally low-rank noise reduction can be used in an iterative
reconstruction algorithm.

[0051] As one example, for a fixed pixel location, the LLR
approach can extract patches of size m,xm,, whose top left
corner is at that pixel throughout the series of N images.
These patches, which are positioned at the given pixel, are
then vectorized and these vectors are put together to form a
Casorati matrix, whose dimension is m;m,xN. Due to
redundancies in the image series that acquire the same
anatomy over time and/or through contrast changes, this
Casorati matrix can be represented accurately by a low-rank
matrix, which can be enforced via singular value threshold-
ing. The process is then repeated for other pixels to cover the
whole image in-plane.

[0052] As another example, alternating between enforcing
consistency with the acquired k-space data, and the LLR
regularization of the images is avoided, while exploiting
noise information that can be derived from the raw k-space
data. To this end, an image reconstruction, which may be a
parallel imaging reconstruction, in SNR units is performed.
This initial reconstruction allows for the underlying noise
distribution in the reconstruction to correspond a normal
distribution. Following the extraction of the relevant local
patches into a Casorati matrix, singular value thresholding
can be performed. Because the reconstruction is in SNR
units, the threshold parameter can be calculated analytically
from the singular value distribution of a Gaussian random
matrix, which follows a Marchenko-Pastur distribution,
thereby eliminating the need for a heuristic parameter selec-
tion process. This process can be repeated for overlapping
patches to avoid blocking artifacts, where patches are shifted
by half a patch size in each direction.

[0053] A multi-scale denoising approach is then imple-
mented in this example. In general, multi-scale approaches
can include changing patch sizes or using a quad-tree
structure. As one example, multiple patch sizes, m,“xm,®,
with their corresponding regularization parameters, A, %,
can be used. As noted, the regularization parameters can be
derived from a Marchenko-Pastur distribution, but in other
examples different regularization parameters can also be
used. Letting Rm,np be the operator that extracts the mxn
block whose top-left comer 1s at pixel location, p, into a
Casorati matrix, and letting Y be the noisy image series, the
following problem can be solved,

12
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[0054] As one example, the problem in Eqn. (12) can be
solved using a projection onto convex sets (“POCS”) tech-
nique.
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[0055] As still another example, a locally low-rank tensor
regularization can be used on local patches to enable the
reconstruction of high-resolution quantitative images. The
data acquired using the data acquisition techniques
described in the present disclosure can be treated as a
four-dimensional data structure, m(x,y,t,c), where (x,y) is
the discrete spatial location, t is the cardiac phase, and ¢ is
different T, contrasts. Data acquired in k-space is given as,

We)=E, (mlx,pt,.c)+n(1c) (13);

[0056] fort=1,...,Tandc=1,...,C, and where E,
C*N=C¥ is the measurement system, including a partial
Fourier matrix and the sensitivities of the receiver coil array,
if one is used; n(t,c)eC” is the measurement noise; t is the
cardiac phase; ¢ is the contrast weighting; and x and y are the
discrete spatial locations.

[0057] The four-dimensional data set, m{x,y,t,c) can be
naturally represented as a fourth-order tensor,

R R (14
m=3 0.8 @c®d <mi, j k=Y aibjekdd;
=1 =1

[0058] where &® represents the outer product, and R rep-
resents the rank of the tensor, m, the minimum number of
rank one tensors needed to synthesize m as their sum.
Finding the rank of a tensor is an NP-hard problem, with an
upper bound given by min{ MNT,MNC,MTC,NTC}.
[0059] Tucker and PARAFAC decompositions are two
main approaches in low-rank tensor approximation. PARA-
FAC decomposition uniquely factorizes a tensor into a sum
of rank one tensors, whereas Tucker decomposition factor-
izes a tensor into a core tensor multiplied by a matrix along
each mode. Of these two approaches, the Tucker model is
typically used for compression applications, and applied to
the context of the image reconstruction problem presented
here would include choosing four mode ranks, as it assumes
low rank in each mode. PARAFAC is a direct low-rank
decomposition that is mostly used for latent signal estima-
tion, and uses a single tensor rank parameter.

[0060] In some applications of tensor regularization to
MRYI, the regularization can be performed globally. A global
approach is suboptimal, however, because the imaging field-
of-view often contains multiple structures with different
functional and contrast properties. For instance, the chest
wall and back contain stationary tissue that is high in fat,
which has a very short T1 (<250 ms). The heart muscle
(myocardium), on the other hand, contracts and expands
substantially through the cardiac cycle and has a longer T1
(approximately 1500 ms). The blood pools also move and
have even longer T1 (>2000 ms). Thus, it is hard to capture
all the information in a few rank-1 components.

[0061] When using the methods described in the present
disclosure, a tensor regularization can be implemented with
small local patches in the spatial domain, which are modeled
as low-rank tensors. This technique increases the likelihood
that a patch will contain only tissue types that are related in
function and contrast, instead of containing a large number
of tissue types with varying properties.

[0062] As one example of a low-rank tensor-based regu-
larization, images are first reconstructed, which may be
performed using conventional or parallel image reconstruc-
tion. For instance, parallel imaging can be applied to each of
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a number of contrast weightings (e.g., C=5) and cardiac
phases (e.g., T=11) individually to avoid or otherwise miti-
gate temporal blurring, contrast blurring, or both, in the
reconstructed images. In other instances, a regularized
image reconstruction can be implemented, where the regu-
larization is provided by the tensor regularization now
described.

[0063] Tensor regularization can be implemented to
reduce the noise amplification due to the image reconstruc-
tion (e.g., the noise amplification due to linear parallel
imaging reconstruction) in post-processing. One example of
low-rank tensor factorization for noise reduction of a four-
dimensional noisy tensor, X, can be carried out by solving
the following problem:

; 15)

R
X-> a0becod

r=1

min
larbrerdnf

F

[0064] In some implementations, instead of solving the
above least squares problem, which is non-convex, an
alternating least squares (“ALS”) approach can be used. In
such instances, ALS solves for {a } by fixing {b }, {c }, and
{d,} so that the problem becomes (conditionally) linear. The
procedure can then be repeated for the other components
until a stopping criterion is met.

[0065] Thus, described here is a pulse sequence and cot-
responding imaging method for acquiring cardiac phase
resolved native T1 maps of the myocardium, with integrated
Bl+ quantification. The methods described in the present
disclosure can provide T1 and Bl+ maps at a temporal
resolution of up to 40 ms in a single breath-hold. The
sequence parameters for the TOPAZ T1 mapping sequence
described in the present disclosure can be optimized numeri-
cally, as described above.

[0066] Native myocardial T1 mapping is an emerging tool,
establishing itself in the CMR sequence portfolio for diag-
nosis, risk stratification, and prognosis of numerous cardio-
myopathies. Different tissue types, such as muscle, blood
and fat, exhibit severely distinct T1 characteristics and need
to be carefully delineated in order to maximize the diagnos-
tic quality of T1 mapping.

[0067] T1 mapping during systole was proposed to
increase the readily evaluable myocardial area and to facili-
tate manual contouring. Recently, blood-suppressed myo-
cardial T1 mapping was also introduced, to eliminate con-
tamination of the myocardial signal by the neighboring
blood pool. Both approaches yield increased resilience to
region-of-interest placement and decreased observer vari-
ability.

[0068] It is contemplated that the TOPAZ technique
described in the present disclosure can further increase the
diagnostic confidence in myocardial T1 maps by presenting
quantification at multiple phases throughout the cardiac
cycle. By quantifying T1 throughout the cardiac cycle rather
than in a single cardiac phase, the delineation of blood and
sub-endocardial fat and altered T1 times other observed in a
single cardiac phase can be substantiated by cross-compari-
son throughout the cardiac cycle. This might be particularly
useful in diseases that display reduced myocardial wall
thickness, such as dilated cardiomyopathy, or in pathologies
that form complicated focal/diffuse scar patterns, such as in
HCM or amylodosis.
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[0069] Conventional myocardial T1 mapping methods uti-
lize single-shot imaging over a window of 200-250 ms to
allow the acquisition of a single T1-weighted snap-shot of
the heart per heart-beat. This temporal resolution is sufficient
for imaging the left-ventricular myocardium during the
end-diastolic quiescence in most patients and healthy vol-
unteers; however, that temporal resolution is often insuffi-
cient to quantify highly mobile extra myocardial structures,
such as cardiac tumors, including myxomas or thrombi. The
methods described in the present disclosure enable imaging
at a temporal resolution of up to 40 ms. Hence, the methods
described in the present disclosure can be used to extend the
applicability of T1 quantification to extra-myocardial struc-
tures, potentially easing non-invasive characterization or
classification of cardiac masses, such as myxomas or other
tumors.

[0070] The accurate T1 quantification provide by the
method described in the present disclosure implements
imaging of the magnetization during the approach to the
pulsed steady-state. Due to non-rigid cardiac motion, myo-
cardial tissue that is not subjected to the previous excitation
pulses may move into the imaging plane and corrupt the
signal. In these instances, increased slice thickness and a flat
slice profile can be used to reduce sensitivity of the edges of
the slice excitation to through-plane motion. Furthermore,
three dimensional imaging might be used to provide exci-
tation of the entire cardiac volume. However, the corre-
sponding increase in acquisition time may then require using
respiratory motion compensation if the acquisition cannot be
performed in a single breath-hold for the subject.

[0071] Referring particularly now to FIG. 4, an example of
an MRI system 400 that can implement the methods
described here is illustrated. The MRI system 400 includes
an operator workstation 402 that may include a display 404,
one or more input devices 406 (e.g., a keyboard, a mouse),
and a processor 408. The processor 408 may include a
commercially available programmable machine running a
commercially available operating system. The operator
workstation 402 provides an operator interface that facili-
tates entering scan parameters into the MRI system 400. The
operator workstation 402 may be coupled to different serv-
ers, including, for example, a pulse sequence server 410, a
data acquisition server 412, a data processing server 414,
and a data store server 416. The operator workstation 402
and the servers 410, 412, 414, and 416 may be connected via
a communication system 440, which may include wired or
wireless network connections.

[0072] The pulse sequence server 410 functions in
response to instructions provided by the operator worksta-
tion 402 to operate a gradient system 418 and a radiofre-
quency (“RF”) system 420. Gradient waveforms for per-
forming a prescribed scan are produced and applied to the
gradient system 418, which then excites gradient coils in an
assembly 422 to produce the magnetic field gradients G, G,,
and G, that are used for spatially encoding magnetic reso-
nance signals. The gradient coil assembly 422 forms part of
a magnet assembly 424 that includes a polarizing magnet
426 and a whole-body RF coil 428.

[0073] RF waveforms are applied by the RF system 420 to
the RF coil 428, or a separate local coil to perform the
prescribed magnetic resonance pulse sequence. Responsive
magnetic resonance signals detected by the RF coil 428, or
a separate local coil, are received by the RF system 420. The
responsive magnetic resonance signals may be amplified,
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demodulated, filtered, and digitized under direction of com-
mands produced by the pulse sequence server 410. The RF
system 420 includes an RF transmitter for producing a wide
variety of RF pulses used in MRI pulse sequences. The RF
transmitter is responsive to the prescribed scan and direction
from the pulse sequence server 410 to produce RF pulses of
the desired frequency, phase, and pulse amplitude wave-
form. The generated RF pulses may be applied to the
whole-body RF coil 428 or to one or more local coils or coil
arrays.

[0074] The RF system 420 also includes one or more RF
receiver channels. An RF receiver channel includes an RF
preamplifier that amplifies the magnetic resonance signal
received by the coil 428 to which it is connected, and a
detector that detects and digitizes the I and Q quadrature
components of the received magnetic resonance signal. The
magnitude of the received magnetic resonance signal may,
therefore, be determined at a sampled point by the square
root of the sum of the squares of the I and Q components:

MNP0 (16)

[0075] and the phase of the received magnetic resonance
signal may also be determined according to the following
relationship:

=2 an

[0076] The pulse sequence server 410 may receive patient
data from a physiological acquisition controller 430. By way
of example, the physiological acquisition controller 430 may
receive signals from a number of different sensors connected
to the patient, including electrocardiograph (“ECG”) signals
from electrodes, or respiratory signals from a respiratory
bellows or other respiratory monitoring devices. These sig-
nals may be used by the pulse sequence server 410 to
synchronize, or “gate,” the performance of the scan with the
subject’s heart beat or respiration.

[0077] The pulse sequence server 410 may also connect to
a scan room interface circuit 432 that receives signals from
various sensors associated with the condition of the patient
and the magnet system. Through the scan room interface
circuit 432, a patient positioning system 434 can receive
commands to move the patient to desired positions during
the scan.

[0078] The digitized magnetic resonance signal samples
produced by the RF system 420 are received by the data
acquisition server 412. The data acquisition server 412
operates in response to instructions downloaded from the
operator workstation 402 to receive the real-time magnetic
resonance data and provide buffer storage, so that data is not
lost by data overrun. In some scans, the data acquisition
server 412 passes the acquired magnetic resonance data to
the data processor server 414. In scans that require infor-
mation derived from acquired magnetic resonance data to
control the further performance of the scan, the data acqui-
sition server 412 may be programmed to produce such
information and convey it to the pulse sequence server 410.
For example, during pre-scans, magnetic resonance data
may be acquired and used to calibrate the pulse sequence
performed by the pulse sequence server 410. As another
example, navigator signals may be acquired and used to
adjust the operating parameters of the RF system 420 or the
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gradient system 418, or to control the view order in which
k-space is sampled. In still another example, the data acqui-
sition server 412 may also process magnetic resonance
signals used to detect the arrival of a contrast agent in a
magnetic resonance angiography (“MRA”) scan. For
example, the data acquisition server 412 may acquire mag-
netic resonance data and processes it in real-time to produce
information that is used to control the scan.

[0079] The data processing server 414 receives magnetic
resonance data from the data acquisition server 412 and
processes the magnetic resonance data in accordance with
instructions provided by the operator workstation 402. Such
processing may include, for example, reconstructing two-
dimensional or three-dimensional images by performing a
Fourier transformation of raw k-space data, performing
other image reconstruction algorithms (e.g., iterative or
backprojection reconstruction algorithms), applying filters
to raw k-space data or to reconstructed images, generating
functional magnetic resonance images, or calculating
motion or flow images.

[0080] Images reconstructed by the data processing server
414 are conveyed back to the operator workstation 402 for
storage. Real-time images may be stored in a data base
memory cache, from which they may be output to operator
display 402 or a display 436. Batch mode images or selected
real time images may be stored in a host database on disc
storage 438. When such images have been reconstructed and
transferred to storage, the data processing server 414 may
notify the data store server 416 on the operator workstation
402. The operator workstation 402 may be used by an
operator to archive the images, produce films, or send the
images via a network to other facilities.

[0081] The MRI system 400 may also include one or more
networked workstations 442. For example, a networked
workstation 442 may include a display 444, one or more
input devices 446 (e.g., a keyboard, a mouse), and a pro-
cessor 448. The networked workstation 442 may be located
within the same facility as the operator workstation 402, or
in a different facility, such as a different healthcare institu-
tion or clinic.

[0082] The networked workstation 442 may gain remote
access to the data processing server 414 or data store server
416 via the communication system 440. Accordingly, mul-
tiple networked workstations 442 may have access to the
data processing server 414 and the data store server 416. In
this manner, magnetic resonance data, reconstructed images,
or other data may be exchanged between the data processing
server 414 or the data store server 416 and the networked
workstations 442, such that the data or images may be
remotely processed by a networked workstation 442.
[0083] The present disclosure has described one or more
preferred embodiments, and it should be appreciated that
many equivalents, alternatives, variations, and modifica-
tions, aside from those expressly stated, are possible and
within the scope of the invention.

1. A method for producing a map of a longitudinal
relaxation parameter for a tissue of a subject using a mag-
netic resonance imaging (MRI) system, the steps of the
method comprising:

(a) establishing a selected magnetization state in the tissue

of the subject using the MRI system;

(b) after the selected magnetization state is established,

applying a Tl-preparation RF pulse to generate
inverted magnetization in the tissue of the subject;
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(¢) while the inverted magnetization in the tissue of the
subject is recovering and until the selected magnetiza-
tion state is established again, acquiring a data set at
each of a plurality of different cardiac phases by
sampling k-space in a k-space segment;

(d) repeating steps (b) and (c) for a selected number of
inversion recovery periods such that a plurality of data
sets are acquired for each of the plurality of different
cardiac phases;

(e) reconstructing images from the plurality of data sets;
and

(D producing the map of the longitudinal relaxation
parameter by fitting the images to a parametric signal
model that at least includes a parameter associated with
the longitudinal relaxation parameter and another
parameter associated with an inversion efficiency.

2. The method as recited in claim 1, wherein the
T1-preparation RF pulse is applied at a time based on a
detection of a physiological trigger event.

3. The method as recited in claim 2, wherein the physi-
ological trigger event is an occurrence of an R-wave in an
electrocardiograph (ECG) signal measured from the subject

4. The method as recited in claim 3, wherein the
T1-preparation RF pulse is applied when the R-wave in the
ECG signal is detected.

5. The method as recited in claim 1, wherein the selected
magnetization state is a pulsed steady-state and is estab-
lished in step (a) by applying a series of continuous RF
pulses to the tissue of the subject.

6. The method as recited in claim 5, wherein the series of
continuous RF pulses comprises RF pulses having a flip
angle less than 180 degrees.

7. The method as recited in claim 6, wherein the series of
continuous RF pulses comprises RF pulses having a flip
angle in a range of 1 to 20 degrees.

8. The method as recited in claim 1, wherein data in each
data set are acquired by sampling k-space in the k-space
segment using a data acquisition comprising a series of
continuous RF pulses and a spoiled gradient readout.

9. The method as recited in claim 8, wherein the series of
continuous RF pulses comprises RF pulses having a flip
angle less than 180 degrees.
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10. The method as recited in claim 9, wherein the series
of continuous RF pulses comprises RF pulses having a flip
angle in a range of 1 to 20 degrees.

11. The method as recited in claim 1, wherein step (c)
further includes after acquiring each data set, applying a
selected number of dummy RF pulses until a physiological
trigger event is detected.

12. The method as recited in claim 11, wherein the
physiological trigger event is an occurrence of an R-wave in
an electrocardiograph (ECG) signal measured from the
subject.

13. The method as recited in claim 11, wherein no data are
acquired in response to the dummy RF pulses.

14. The method as recited in claim 1, wherein step (c)
includes acquiring each data set for each of the plurality of
different cardiac phases by sampling k-space in a different
k-space segment.

15. The method as recited in claim 1, wherein step (f)
includes jointly estimating the longitudinal relaxation
parameter map and a transmit RF field (B1+) map by fitting
the images to the parametric signal model.

16. The method as recited in claim 15, wherein the B1+
map is estimated based on the parameter associated with the
inversion efficiency.

17. The method as recited in claim 1, wherein the
T1-preparation RF pulse is an RF inversion pulse.

18. The method as recited in claim 1, wherein the selected
magnetization state is one of a pulsed steady-state, a thermal
equilibrium, or a desired level of saturation.

19. The method as recited in claim 1, wherein step (f)
includes producing a plurality of longitudinal relaxation
parameter maps.

20. The method as recited in claim 19, wherein the
plurality of longitudinal relaxation parameter maps are tem-
porally resolved longitudinal relaxation parameter maps.

21. The method as recited in claim 1, wherein step (e)
includes reconstructing the images using an iterative recon-
struction that is regularized in part using a multi-scale
locally low-rank noise reduction.

22. The method as recited in claim 1, wherein step (e)
includes reconstructing the images using an iterative recon-
struction that is regularized in part using a low-rank tensor
regularization.
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