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This is how we know that we belong to the truth and how we set our
hearts at rest in his presence: If our hearts condemn us, we know
that God is greater than our hearts, and he knows everything.

(1. John 3:19–20, Bible, New International Version)
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1 Introduction

Large parts of the findings regarding the method of IR-CRISPI presented in
this work were previously published in NMR in Biomedicine by John Wiley
& Sons, Inc.39 under the Creative Commons Attribution-NonCommercial
License (CC BY-NC 4.0)∗. Figures that were replicated in this work (entirely
or in parts) are declared accordingly.

1.1 Motivation

Magnetic Resonance Imaging (MRI) is the gold standard modality for a broad
spectrum of medical soft tissue exams. Firstly, this is the case because the
measuring process does not harm the patient. The most common substitute
of MRI, computed tomography (CT), however, means patient exposure to
X-ray radiation. MRI, secondly, yields very high contrast between different
types of soft tissue, with a broad variety of adjustment options.

One of the greatest drawbacks of MRI, though, is the long acquisition
time. This, unfortunately, becomes especially obstructive while trying to
image a moving organ such as the heart. Consequently, cardiovascular MR
(CMR) measurement times of one hour are common.40 Simultaneously, they
are prone to contain motion artifacts and other imaging errors. Two of the
most frequently applied CMR protocols are the cine9 measurement for the
assessment of myocardial morphology, kinetics and cardiac function, and
late gadolinium/delayed gadolinium enhancement (LGE) imaging50 for the
assessment of myocardial viability. Latter exam is contrast enhanced, en-
abling the imaging of chronic and acute myocardial infarction, of fibrotic
and inflamed tissue.17 ,20 Conventionally, the corresponding measurement
protocols are being acquired in a segmented pattern over several heartbeats
in breath-hold.28

This doctoral thesis is an attempt to accelerate the CMR exam with-
out loss of its advantageous properties. In CMR, this can be achieved by
exploiting the fact that the patient is not moving for the greater part and

∗https://creativecommons.org/licenses/by-nc/4.0/
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the occurring respiratory and cardiac motion happens periodically. As a
result of research in this field, real-time acquisition techniques3 ,45 enable
imaging without repetition and retrospective data reassembly. For that mat-
ter, particularly non-Cartesian sampling schemes and compressed sensing
techniques5 ,12 ,30 ,53 contribute to the improvement of spatial and temporal
resolution.

As consequence of the acceleration, not only becomes time at the MR-
scanners more available,40 but because of shorter measurement times patients
with cardiovascular diseases, who often experience problems to hold their
breath, can receive a more adequate exam. As real-time acquisitions are
clearly less susceptible to motion artifacts, sometimes even the quality of
imaging can be improved.

On this account, I developed real-time acquisitions by implementing two
ways to exploit temporal redundancy using spiral sampling, which is en-
hanced by a preceding trajectory correction.46 In this doctoral thesis I will
explain their concepts in detail. Their limitations as well as their advantages
over the conventional CMR exam will be highlighted.

1.2 Outline

In the following, firstly, the fundamentals of MRI and after that basics related
to the presented research are explained. Secondly, conventional cardiovascu-
lar applications are introduced (see section 2). In methods (3) and results
(4), two newly developed techniques, MOCO-MAP and IR-CRISPI, which
comprise the main part of this doctoral work, are described first with respect
to concept and way of application, then with respect to the findings originat-
ing for the most part from volunteer and patient studies. In discussion (5)
the findings are being evaluated, respectively, and in conclusion (6) a final
statement for both techniques is given. Afterwards, summaries in English
(7) and German (8) are provided.
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1.3 MRI basics

MRI is a broadly used tool for imaging and assessing a multitude of body
parts and characteristics, such as organ structure and quantifying its func-
tion. Although an exhaustive physical explanation of MRI goes beyond the
scope of this work, accelerated cardiac imaging using the MR scanner and
my research in this field shall be presented as intelligibly as possible and
without leaving out important details. (A reference for deeper insight into
MR basics is provided.4 )

1.3.1 MR signal

The first important question in explaining MRI is where the MR information
comes from. The signal, which is being measured at the MR scanner, is the
answer of the nuclear spin on a pulsed radio-frequency input.

The spin is defined as discrete intrinsic angular momentum. Thus, 1
1H-

hydrogen is best-suited for imaging purposes. It has the highest spin to mass
ratio of 1/2 to 1 u and the highest absolute number of atoms in the human
body, which mainly consists of water and fat. Nevertheless, for special MR
exams other nuclei can be used, e. g. sodium imaging for the exam of cell
function.32

In the 1920’s, Otto Stern and Walther Gerlach observed the quantized
nature of the electron spin in a spatially varying magnetic field. Although
the electrons were part of uncharged silver atoms, not only did the magnetic
field divert the particle beam, but it was split and the particles were guided
towards two different directions. Reason for this is the spin of the electrons.4

As electrons by themselves are charged particles and silver contains one un-
paired electron, the spin results in a discrete magnetic momentum. Just like
the electron, the proton is a spin-1

2 particle, meaning its quantum number s

is exactly 1
2 . The absolute value of its spin is given by

|I⃗| = h̄
√

s(s + 1) =
√

3
2 h̄ (1)

and one component of the spin Iz is determined using the magnetic quantum
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number (ms := −s, −s + 1..., s),

Iz = h̄ms = ±1
2 h̄, (2)

with h̄ being the reduced Planck’s constant.
A nuclear spin I⃗ then results in the magnetic dipole moment µ⃗ given as

µ⃗ = γpI⃗ . (3)

γn is the gyromagnetic ratio, which is dependent on the type of particle.
Because of the equivalence of spatial directions, states of different m are de-
generate regarding their energy. The application of a magnetic field, however,
yields discrete energy levels. With (3) the spin component Iz parallel to the
magnetic field B⃗ = (0, 0, Bz)T and the potential energy E = −µ⃗ · B⃗ leave the
two possible states

E = ± h̄

2γpBz. (4)

With the Boltzmann distribution one can calculate the ratio of particles in
either state:

N−

N+
= exp

(
− ∆E

kBT

)
= exp

(
−γph̄Bz

kBT

)
(5)

with N+ spins facing the direction of the magnetic field vector and N− spins
facing the opposite direction. kB is the Boltzmann constant and T the tem-
perature. This quotient is very close to, but smaller than, 1, which means the
fraction of the spins in parallel direction outweighs the spins in anti-parallel
direction, resulting in a macroscopic magnetization. The resulting macro-
scopic magnetization for small changes (Curie’s law) can be approximated
as

M⃗0 ≈
ρ0γ

2
ph̄2

4kBT
B⃗0. (6)

Iz always just amounts to 1√
3 times |I⃗| (eqs. 1 and 2), so there is a residual
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spin component, which is perpendicular to the magnetic field and leads to a
torsional moment.

D⃗ = µ⃗ × B⃗ (7)

dµ⃗

dt
= γpµ⃗ × B⃗0 (8)

This results in a constant precession of the spins with Larmor frequency
ω0, which equals γp|B⃗0|. By application of a rotating magnetic field B⃗1(t) in
form of a radio-frequency (RF) pulse, it is possible to add a second “preces-
sion" (ω1), see the coordinate system in figure 1. That way the macroscopic
magnetization turns by the flip angle

α =
∫ τ

0
ω1dt = γp

∫ τ

0
|B⃗1|dt. (9)

As the plane in which the excitation is induced is identical for all spins
(still just a very small fraction of spins is being excited), they now precede
in phase. A macroscopic signal can be measured with a receiving coil, best
placed near to the excited object.

The transverse magnetization relaxes exponentially to the ground state
mainly because of dipole-dipole interactions with the surrounding tissue.
Here, two tissue specific parameters are being defined: T1 characterizes the
time until the magnetization returns to ground state (M⃗ ||B⃗0) and T2 char-
acterizes the time it takes for the spins to dephase. In total, T1, T2, and the
spin density ρ are responsible for the intensity distribution on the MR image.

1.3.2 K-space sampling

The next step in understanding MR imaging is knowing how to locate the
described signal. By superposition of B⃗0 with a spatially constant gradient
field G⃗ = ∇ ⃗|B| the Larmor frequency becomes dependent on the location r⃗

10



Figure 1: A: precession ω0 of the magnetization around the z-axis (with B⃗0||e⃗z).
B: For a coordinate system that rotates with ω0 around the z-axis (x→x’, y→y’),
a secondary magnetic field (B⃗1||e⃗x′) results in a secondary precession in the plane
perpendicular to the x’-axis.)
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accordingly:

ω(r⃗, t) = ω0 + γpG⃗(t)r⃗ (10)

The spin density ρ(r⃗) to measure yields the signal

K(t) ∼
∫ ∞

−∞
ρ(r⃗) exp

(
i
∫ T

0
ω(r⃗, t)dt

)
d3r⃗

∼ exp(iω0T )
∫ ∞

−∞
ρ(r⃗) exp

(
iγp

∫ T

0
G⃗(t)dtr⃗

)
d3r⃗.

With the substitution of k⃗ = γp

∫ T
0 G⃗(t)dt the familiar Fourier relationship

appears:

K(k⃗) ∼
∫ ∞

−∞
ρ(r⃗)ei⃗kr⃗d3r⃗ (11)

ρ(r⃗) = F−1(K(k⃗)) ∼
∫ ∞

−∞
K(k⃗)e−i⃗kr⃗d3k⃗ (12)

F−1 here represents the inverse Fourier transform. In the implementation
as digital scanning process, this continuous description, of course, has to be
translated into a discrete formulation. Finite borders of the integral then
define the maximally perceivable resolution and summation of discrete values
instead of integration means that the acquired window in real-space – the
“field of view" – is limited.

1.3.3 Image contrast and contrast agents

It is possible to generate a variety of contrasts with MRI. Additionally to
the signal strength given by the concentration of water or fat, the relaxation
parameters T1 and T2 have a strong influence on the imaged intensity. They
are dependent on the chemical environment, as the respective proton spins
interact with each other.34 Thus, in medical imaging one aims to introduce
contrast based on the imaging purpose via adapted imaging protocols.

Generally, the relaxation effect (T1) in longitudinal and the dephasing
(T2) in transverse direction of M⃗0 is exploited by use of a combination of
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RF pulses and the previously described magnetic gradients in a manner sim-
ilar to the following: The excited spins respond on the RF pulse with an
echo, when a rephasing happens after their dephasing. This can be achieved,
firstly, by additional RF pulses or, secondly, by forcing rephasing with ad-
ditional gradients. An example for the first method is the use of 90° pulses
in combination with subsequent 180° pulses. Here, the spin dephasing is in-
verted via the 180° pulse, so a rephasing appears at the echo time (TE) of
2 times the time between the 90° and the 180° pulse. The second method
first accelerates dephasing of the spins by a dephasing gradient, and, analo-
gously a reversely strong rephasing gradient forces an echo. MR sequences
using the first principle are called spin-echo sequences, whereas sequences
incorporating the second method are called gradient-echo sequences.

For T2 weighted sequences one waits for the spins to be nearly relaxed
in longitudinal direction (long TE). Short repetition times between excita-
tions (TR) and short TE, thus, lead to T1 weighted images. Gradient-echo
sequences can be accelerated comparably easy by quick switching of the gra-
dients and adjustment of their strength. As this work deals mainly with
T1-related effects in the region of the moving heart, the fast gradient-echo
sequence is particularly well-suited to serve as a basis for it (see 1.3.4).

To enhance the image contrast in MRI, contrast agents can be applied
additionally. Widely used and relevant to this work is gadolinium. It is
mostly applied as non-specific contrast agent for a broad range of MR exams.6

To describe the relaxation behavior, Ionel Solomon developed a model for two
spins in laboratory conditions.44 A strong dependency on the gyromagnetic
ratio is derivable from it, which for two different particles separates into

T1 ∝ γ−2
p1 · γ−2

p2 . (13)

Gadolinium is extremely paramagnetic with 7 unpaired electrons in the 4f
shell and as a consequence has a 600 times larger γ than the proton. This
means that regions containing gadolinium have a significantly decreased T1,
resulting in strong image contrast in T1 weighted MR images. Gadolinium is
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Figure 2: Spoiled gradient echo sequence (A:) with Cartesian k-space trajectory
and (B:) with spiral k-space trajectory. Changing elements with respect to the
subsequent repetition are depicted in a different shade of blue. Elements merely
used for spoiling the transverse magnetization are depicted in grey and not further
explained.
HF: exciting radio frequency pulse z: slice selection gradient y: phase
encoding gradient x: frequency encoding gradient

applied as chelate, i. e. surrounded by a ligand molecule to protect the body
from its toxicity.

1.3.4 MR sequence

This section goes into further detail regarding the gradient echo sequences
used in this work (illustration in figure 2). Traditionally in MRI, the k-
space is acquired in a Cartesian manner. In this case, one can consider the
magnetic gradients to be applied separately in the three spatial directions
as slice selection, phase encoding, and frequency encoding gradients. Either
of the three possible MRI gradient directions can be assigned to the slice
selection, resulting in imaging in the transverse, the sagittal, or in the coronal
plane of the subject.

Firstly, the slice selection gradient is applied during excitation. This
means that just one slice in real-space resonates with the frequency of the
incoming radiation. The slice thickness is defined via selection of the band-
width.

As a next step, a phase encoding gradient is run. While this gradient is
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Figure 3: Sketch of the spins belonging to one slice during a Cartesian read-out.
A-C: Three “vertical" gradient strengths result in three different phase encodings.
D: A “horizontal" gradient causes the frequency encoding. Note that not the signal
of spins belonging to just one real-space point is measured, but a spatial frequency,
respectively, is being impressed on the spins in both slice directions.

active, the spins rotate with varied angular velocity for a defined time period
(figure 3). Therefore, spins with a certain spatial distance in phase encoding
direction will be in phase after the application. With this, one k-space line
(one spatial frequency to acquire) is selected.

In a last step, an additional gradient varies the frequency of the spins
while the signal is being recorded. This step is called frequency encoding.
The spin runs through all frequencies from one end of the (discrete and
limited) spectrum to the other, which means that the selected k-space line
has been read. The measured k-space line is not a line in real-space, but it
represents a 2-dimensional regular pattern of parallel waves.

To receive an image in the Cartesian acquisition pattern, one has to ac-
quire the spatial frequency steps in both planar directions from zero up to
the desired image resolution and then perform the inverse Fourier transform.

1.3.5 Non-Cartesian imaging

Non-Cartesian trajectories The path which the k-space scanning takes
does not necessarily have to be in the pattern of parallel lines. Instead,
arbitrarily chosen paths are feasible.10 With the two encoding gradients run
simultaneously as exemplarily shown in figure 2 B, a spiral trajectory can be
marked. This particular sequence yields a spiral which starts in the k-space
center and continuously moves outwards (fig. 4).

A spiral trajectory has the advantage of avoiding fast turning points.

15



Figure 4: Three arms of a spiral k-space trajectory. The center of k-space is
sampled with every spiral read-out (with a Cartesian sampling pattern just once).

Also, no time is lost by phase encoding before the actual read-out. Therefore,
spiral and other trajectories can be designed to be more efficient. Addition-
ally to the increased sampling rate, non-Cartesian imaging offers beneficial
conditions for acceleration via undersampling for some reconstruction tech-
niques (see subsection 1.3.6). These are based on irregular sampling to ensure
the incoherence of appearing undersampling artifacts.18 A third advantage
can be exploited when covering the k-space center regularly instead of just
once.29 The consequence of this redundant sampling is that coarse changes
are not missed, which decreases imaging artifacts caused by motion.

Trajectory correction Due to MR scanner system imperfections and
eddy-currents,22 gradient outputs deviate regarding the nominal magnitude
and phase in a low-pass like fashion. Unfortunately, this effect becomes espe-
cially visible for non-Cartesian trajectories,41 which contain a lot of gradient
changes. To compensate the errors appearing in the MR sequences with
non-Cartesian sampling, all output gradients used in this work have been
corrected by an automatic pre-emphasis.46 To this end the scanner specific
gradient system transfer function (GSTF) was measured. It is the function
of the change in the output gradient over the played out frequency range. Its
inverse was used to correct the input as follows.13
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Figure 5: Image illustrating k-space gridding, e. g. using GROG.

gi,cor(t) = F−1
(
F(gi(t)) · GSTF−1

i,i (f)
)

, (14)

i ∈ {x, y, z} is representing the three gradient directions, t and f the
dependency on time or frequency and F is the Fourier transform. This way,
the actually intended waveform is played out, yielding the expected k-space
trajectory.

Data matrix To create an image matrix from a spiral MR acquisition,
recorded signal intensities have to be transferred to the Cartesian grid. One
common approach to do so is the non-uniform fast Fourier transform (NUFFT),
which is the direct way to translate non-Cartesian k-space data into Carte-
sian real-space. Another approach is actually calculating Cartesian k-space
grid values that resemble the measured data, and then using standard 2-
dimensional fast Fourier transform (fig. 5).21 For example, this can be per-
formed via GRAPPA-operator gridding (GROG42 ). The GROG approach
is well suited for iterative algorithms such as the following work, where the
gridded k-space data is being used repetitively.

GROG is a two step process: An operator is calculated from the used
trajectory43 together with the sampled data. After that, the operator is
used to find the change in a k-space intensity for a given small translational
difference (a, b). The basis for GROG is an approximation to shifting k-space
points via adequate matrix multiplication.

17



S(kx + a, ky + b) = Ga
x × Gb

y × S(kx, ky), (15)

where S is the k-space signal and G means the shift operators in the
orthogonal directions. This way, the non-Cartesian samples determine the
values of their nearest Cartesian matrix location. If there are multiple sam-
ples which have the same Cartesian next neighbor, the value is averaged from
the respective results.

1.3.6 Redundancy in MRI

In dynamic MRI, the imaged object stays the same with the exception of some
moving elements. This can be utilized for imaging purposes. Furthermore,
the motion is often limited to a defined image region and quasi-periodical.
As traditional Cartesian MRI is slow compared with the imaged physiologi-
cal processes, many imaging techniques have been developed that use prior
knowledge to make up for sampling less data than would actually be neces-
sary for an artifact-free image. To illustrate this, one can imagine a signal
course that is known to be linear in all pixels over time. In this example,
just two samples suffice to reconstruct the signal course for all points in time,
or, in other words, the acceleration would have been achieved by exploiting
redundancy by applying a linear model.48

Compressed sensing A powerful way to exploit the redundancy of dy-
namic acquisitions is summarized by the term ‘compressed sensing’. Com-
pressed sensing15 is based on the idea of image compression, i. e. an image
can be cleverly represented using fewer information without perceivable loss
of quality. Simultaneously, this means that the necessary amount of mea-
sured samples suffices as long as the perception limit of the resulting image
is being met. The three requirements for compressed sensing are

• the possibility to represent the data sparsely, i. e. in a space that is zero
with just a few exceptions,

18



• incoherently sampled data in such a way that undersampling artifacts
appear noise-like in the sparse representation,

• a reconstruction in the basic form of a minimization

argminm ||y − Fm||a + λ||Tm||b, (16)

with a data consistency term in combination with the sparsity enforce-
ment. Here, m is the reconstructed image, (in the context of MRI) F
means the coil separation and subsequent Fourier transform, to con-
form with the measured k-space samples y. T is the transformation
into the sparse representation and λ an adjustable regularization pa-
rameter, while data consistency and sparsity are contained in the form
of a certain norm (here denoted with a, b).

Otazo et al. proposed a reconstruction for dynamic data, where the image
m is separated into a low-rank and a sparse component (L + S),37 where
basically two filter steps take the role of the sparsity transform:

argminL,S ||y − F(L + S)||22 + λL||L||∗ + λS||TS||1 (17)

Here, 1, 2 and * denote the l1-, the l2-, and the nuclear norm. Minimizing
the nuclear norm, i. e. the sum of singular values, is identical with ensuring a
low rank and thus a low variation over time. On the other hand, the l1-term,
i. e. sum of absolute values, of the Fourier transform of the sparse part in
temporal direction (T) keeps the change of details within well-defined limits.
This separation using additive separation into background (L) and rapidly
changing elements (S) was already applied successfully multiple times in
dynamic MR imaging.9 ,13 ,37

1.3.7 Motion correction

Another topic that was important in this work and deals with the process-
ing of dynamic MR data is motion correction. For some medical evaluation
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Figure 6: The image “fixed" serves as reference for the calculation of a defor-
mation field with respect to the image “moving", which was distorted on purpose.
Knowing the deformation, one can correct most of the artificial motion. The shown
registration is performed by the medical image registration toolbox MIRT.35

techniques, static images or image series from moving organs are crucial. Ex-
amples for this are the quantification of lung function or blood flow in the
heart. Therefore, motion correction software is a permanent aspect of MRI
research. While respiratory motion can often be approximated as shift of
the whole imaged region and rigid transformations can be used to correct
for motion, non-rigid motion correction is necessary to transition from an
image sequence of a beating to one of a still heart. This, firstly, requires
the approximation of tissue flexibility. The other necessary part of a mo-
tion correction algorithm is a similarity function, which assigns a similarity
score to the images. Finally, the motion correction needs an optimization
algorithm to propagate from local solutions to, ideally, the global similarity
maximum.23

Usually, the registration of an image pair results in a vector field repre-
senting the motion in between the two images within the set transformation
limits. Applying the vector field on the second image referred to as “moving"
warps it to resemble the shape of the object on the first image referred to as
“fixed" (see example fig. 6). That way, assuming an image series of different
cardiac phases, if one image is set as fixed and all other images of the series
as moving, application results in a motion corrected image series, i. e. the
heart should appear static.

20



2 Cardiovascular MRI

Cardiac MR (CMR) exams comprise a broad spectrum of diagnostically rele-
vant measurements. Ventricle volumes as well as the blood flow itself deliver
meaningful information about the cardiac function. Additionally, MR se-
quences can be used to characterize the myocardial tissue, e. g. to recognize
inflammation, scarring, or substance accumulation.20 Contrast agents can
help to suppress or enhance local MR signal intensities, e. g. the blood pool,
acute infarction, scar tissue, and fibroses. Three of the commonly applied
exams, which are strongly related to this work, are cine imaging for eval-
uation of the cardiac function, delayed gadolinium enhancement imaging,
which exploits the use of contrast agent, and T1 mapping. (An attempt for
standardizing the cardiovascular MR exam is referenced.28 )

2.1 Cine structural and functional imaging

Cine MRI yields a slice-wise loop movie of the heart.9 Typically, its gradient-
echo acquisition is run as balanced steady-state free precession (bSSFP) se-
quence. Allowing free spin precession in contrast to spoiling in a spoiled
gradient echo sequence, results in higher signal yield in combination with
short repetition times. The cine acquisition traditionally constitutes a seg-
mented measurement, which means that the sampling of the k-space of each
image frame is split into multiple non-successive part acquisitions.7 The
k-space lines are assigned to the correct movie frame based on the cardiac
phase. The latter is either determined retrospectively by dividing the ECG
signal from “R" wave to the next “R" wave into equal parts (see figure 7) or
prospectively by triggering the acquisition with the “R" wave and assuming a
steady heartbeat. The defined number of separate phases (segments) varies
in the range of 10 to 30 frames (25 frames in the shown example fig. 8).

2.2 Delayed gadolinium enhancement imaging

The following section describes the gold standard for the assessment of via-
bility of myocardial tissue. The relevance of this part of the CMR exam is
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Figure 7: Segmentation of the data in a cine measurement. The ECG-signal
serves as basis for the assignment of the k-space lines by marking the first cardiac
phases, respectively, with the prominent “R" wave.

based on the fact that viable tissue, in contrast to nonviable tissue, is either
functional or likely to recover and regain functionality.50 As described in
1.3.3, it is possible to influence the T1 dependent signal intensity via infu-
sion of a contrast agent. Most of the contrast agents containing gadolinium
are not target-specific and stay in the blood and extracellular fluid until re-
nal elimination.25 Delayed gadolinium enhancement (LGE) is well-suited for
assessing viability, as scarred, necrotic, or wounded tissue has significantly al-
tered durations for the wash-in and wash-out of the contrast agent compared
with healthy tissue (see fig. 9).

An acute myocardial infarction shows an enhanced signal due to pro-
longed wash-out because of an increased contrast agent containing volume in
the muscle. The reason for this is the disruption of membranes of necrotic
cells in acute infarctions. Chronic infarctions, on the other hand, are typ-
ically associated with myocardial thinning, where a prolonged wash-out is
associated with the loss of contractibility.50 An example for an LGE im-
age, acquired after a myocardial infarction occurred, is shown in figure 10.
Subsequently to a delay of 10 minutes after contrast agent application, the
gadolinium containing agent has passed through the main part of the muscle,
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Figure 8: Clinically acquired bSSFP cine of the patient, whose contrast enhanced
images are also shown in figure 29. The single frames of the sequence are shown
row by row.
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Figure 9: Courses of contrast agent concentrations in normal and affected my-
ocardium. (MVO: microvascular obstruction)14

but still lingers in the damaged or scarred tissue. Using magnetization inver-
sion preparation in the MR sequence, the signal of the affected myocardium
recovers quicker, and it appears bright, while healthy myocardium is still
dark.26

The contrast agent flow varies between every patient and has strong in-
fluence on the signal recovery duration. Thus, the point in time after the
inversion (TI) of maximum contrast is commonly determined on-site by the
examiner using a TI-scout MR sequence. It represents a trial run through a
range of possible TIs, which allows to pick the best of multiple low resolution
images reconstructed on-the-fly. To acquire a fully sampled LGE image, the
segmented measurement is then performed around this chosen TI. The ECG
signal here triggers the inversion to synchronize cardiac phase and TI for
each segment.

Because MR yields complex-valued data, two main representations are
established in imaging. The first way is to display the absolute values, the
second is to turn the data by the complex phase onto the real axis, so the
sign is not lost. To be able to store the image in the common DICOM
( = Digital Imaging and Communications in Medicine) format, positive values
are required, which is the reason why an offset of the lowest value (min(s)) is
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Figure 10: Three adjacent slices of a clinical LGE exam of a patient with acute
myocardial infarction (figure belongs to same acquisition as fig. 33). Affected tis-
sue appears bright because of delayed enhancement (red arrows) induced by the
contrast agent, which contains gadolinium.

subsequently added. The first option is called magnitude, the second phase-
sensitive (PSIR) representation.

2.3 T1 mapping

T1 mapping is part of the field of quantitative MRI. Here, the depicted
pixel values are the physical relaxation parameter itself. This is done by
capturing the magnetization course, e. g. by using magnetization inversion
or saturation preparations and subsequent acquisitions. An image in which
every voxel represents the corresponding T1 value is called T1 map.

In case of a gradient echo sequence, the relaxation course is disturbed
by every small excitation depending on the flip angle. Firstly, this means a
faster relaxation into a maximal magnetization level, secondly, it reaches just
a steady state M∞ instead of M0. The basic non-perturbed magnetization
course after inversion preparation is

M(t) = M0 − 2M0 exp
(

− t

T1

)
. (18)

The perturbation by the flip angle α and the exponential decay until the
next repetition TR, respectively, amounts11 to

• M −→ M cos(α) and
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• M −→ M0 + (M − M0) exp(−TR/T1),

meaning one increment until the next perturbation is

Mi+1 = M0 + (Mi cos(α) − M0) exp
(

−TR

T1

)
. (19)

The equation (19) for M∞ yields the factor for the decreased steady-state
magnetization of the acquisition as

M∞

M0
= 1 − exp(−TR/T1)

1 − cos(α) exp(−TR/T1)
. (20)

Using the effective relaxation time T ∗
1 ,

1
T ∗

1
= 1

T1
− 1

TR

ln(cos(α)), (21)

the term describing the steady-state magnetization (eq. 20) becomes

M∞

M0
= 1 − exp(−TR/T1)

1 − exp(−TR/T ∗
1 ) . (22)

Implying short TR (i. e. exp(−TR/T1) ≈ 1 − (TR/T1)), this leads to the tra-
ditional approximation used for T1 determination,11

T1 = M0

M∞
· T ∗

1 , (23)

and the adapted relaxation curve is

M(t) = M∞ − (M0 + M∞) exp
(

− t

T ∗
1

)
. (24)

An exemplary T1 map is shown in figure 11. For simplification 100 %
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Figure 11: T1 map of one slice of the human brain, acquired with a spoiled
gradient-echo sequence.

inversion efficiency was assumed, so the ground state equals the inverted
magnetization M0 = M(t = 0). M∞ and T ∗

1 can be determined by a least-
squares fit.
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3 Methods

3.1 MOCO-MAP

Already published in 2013,47 model-based acceleration of parameter mapping
(MAP) is a way to reconstruct undersampled saturation recovery data and
to generate T1 maps of the human brain. Because of the signal change
during the relaxation process, the acquired data has to be gridded (1.3.5) to
adequately small temporal bins to avoid information loss due to averaging.
Consequently, the imaged object is heavily undersampled. MAP supplies the
missing data via exponential relaxation model in real-space.

To make use of MAP in cardiac imaging the only missing component
is principally motion correction (MOCO). This way, the signal course of
the static myocardial area allows analogous image reconstruction.55 Un-
fortunately, current algorithms for the calculation of motion fields, such as
MIRT,35 elastix27 and VoxelMorph1 turn out to be dependent on many pa-
rameters. In the latter case, the motion correction accuracy is additionally
dependent on the similarity to a training data set for machine learning. Be-
cause of this complexity, these algorithms can cause blurring or even image
distortion. Methods not relying on image registration (e. g. sec. 3.2), on the
other hand, are often more accurate and tend to be faster. However, for
scientific completeness and the opportunity to pass on ideas, the method of
MOCO-MAP and its results shall be described in the following. As expo-
nential model and motion correction make up the core of MOCO-MAP, they
will be explained first.

3.1.1 MAP

The model used in MAP47 is based on the physical relaxation, which is al-
ready described in section 2.3. Assuming correctness of equation 24, which is
commonly used in T1 mapping via gradient-echo sequences, M0, M∞ and T ∗

1

fully describe the signal course of M(t). To find these parameters, the MAP
algorithm iteratively uses three-parameter fitting in real-space and corrects

28



Figure 12: Working out the true magnetization course by alternation between
3-parameter fit and reinsertion of the originally measured data. The algorithm
converges (indicated with ‘...’) corresponding to the fully sampled equivalent. Note
that these images represent a time series of 2D k-space/real-space arrays, respec-
tively.47

the interim result by reinserting the measured data samples in k-space (see
fig. 12). Taking turns in this process each fit forces the model onto the data
and then the reset of the actually measured k-space points restores consis-
tency with what is known about the object.

One precondition for MAP to work properly is a still measured object.
Otherwise blurring is introduced to the the motion afflicted image region.

3.1.2 MOCO

The motion correction attempts for the presented inversion recovery acqui-
sitions are discussed in the following. One of the main difficulties of motion
correction (1.3.7) of IR data is the fact that not just the imaged object moves,
but also the signal intensity distribution changes over time. This means that,
unlike for motion correction e. g. applied in cine imaging, consecutive im-
ages have to be adapted to fit for registration. Although VoxelMorph1 has
been tested, all image registrations of the presented results were performed
via MATLAB toolbox MIRT,35 which uses a gradient-based optimization,
a curvature-based regularization, and a hierarchical approach to register on
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multiple resolution levels.

Pseudo heartbeat The original MOCO-MAP approach55 to tackle the
problem of signal change due to relaxation is to use a prolonged measure-
ment in breath-hold to gather sufficient image data during the fully recovered
magnetization state.54 This acquired data of full cardiac cycles without sig-
nal change enables image registration. Further refinement can be achieved by
averaging multiple acquired heartbeats into one cine depiction and, for exam-
ple, by using compressed sensing to exploit the redundancy of the dynamic
image series (1.3.6). Image registration of this cine (= pseudo heartbeat) re-
sults in a vector field representing the repeated motion of the heart. Together
with the ECG, the motion field can then be interpolated and applied† ac-
cording to the respective cardiac phase for the whole data set. Thus, correct
ECG recording is a precondition for an accurate application, and patient
motion is neglected. Otherwise, motion correction is either applied in the
wrong time or region.

Iterative MOCO To investigate a more robust way to incorporate the
motion correction, iterative motion correction was introduced. Here, the
reference for the registration is not based on a prolonged acquisition and
a reconstruction step, which precedes the main iterations, but on the data
within the algorithm itself. To do this, a frame-by-frame registration of the
moving image series onto the exponential model fit series is used. This is
possible, because the fit represents a (fixed) average of the image series while
the magnetization change is maintained (see fig. 13).

To eliminate random registration errors and to prevent undersampling
artifacts to be interpreted as motion, the motion field can be median filtered
in temporal direction.

Assuming well-adjusted image registration, the iterative MOCO concept
†The specific tools to apply the motion field depend on the used software. By switching

‘moving’ and ‘fixed’ and registering twice, the motion field and its reverse can be found in
any case. With “application of a motion field", I denote both: motion correction and the
restoration of motion. To avoid consecutive faults with iterative methods, I recommend
inverting the motion field as exactly as possible.
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Figure 13: Frame-by-frame registration using the exponential fit as a reference to
tackle the problem of changing contrast. The moving left-ventricular myocardium
is highlighted in yellow, the fixed in green.

is expected to have three major benefits. One is the decreased measurement
time, which is just limited by the Nyquist criterion with respect to the full ac-
quisition length. Another is an increased robustness towards patient motion.
Finally, it is independent from the ECG signal recording.

3.1.3 MOCO-MAP algorithm

This section illuminates the detailed steps of the MOCO-MAP implementa-
tion. In the iterative MOCO-MAP reconstruction, first, the model is applied
on the motion corrected image series, and then, the consistency with the
measured data is enforced in k-space. An overview of the algorithm is given
in figure 14, the single steps are:

• The measured signal intensities are given in the order of acquisition,
their k-space location can be assigned by the set sampling pattern.

• To generate a pixel-based k-space image, the values and the sampling
pattern are combined using GROG (see subsection 1.3.5).

• The inverse Fourier transform yields an image series in real-space. This
raw series has undersampling artifacts: blurry with bent stripe-like
intensity fluctuations.
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• To allow approximation via an exponential model, a real-valued image
array is generated. As both (complex) receiver channels measure the
same object, one can assume that the dependency between real and
imaginary part is approximately linear and the inversion of the mag-
netization causes the signal to cross the origin of the complex plane.
This means that the complex phase at the location x can be estimated
by

φ(x) = mediantN
t=tn

[ ̸ (s(x, t))] , (25)

where ̸ denotes the complex phase, s the complex signal measured by
one coil, and tn until tN acquisition points in time on just one side of
the zero-crossing. The real-valued signal (sr) is

sr(x, t) = real [s(x, t) · exp(−iφ(x))] . (26)

After this phase correction the signal of all single coils (sr,i) can be
combined to Sr by the sum-of-squares method as

Sr(x, t) = sign(σ) ·
√

|σ|, (27)
σ(x, t) =

∑
i

sign(sr,i) · s2
r,i, (28)

to further preserve the signal sign.

• For the resulting image series, one of the proposed motion correction
approaches (3.1.2) can be applied.

• A pixel-wise mono-exponential least-squares fit (eq. (24)) in temporal
direction now traces the signal course of each voxel, respectively.

• After the motion field is reapplied, image series and measurement
match again.

• To return to the complex and coil-combined version of the image, the
phase map φ(x) from the phase correction step and externally deter-
mined coil maps can be used. Alternatively, a pixel-wise linear fit can
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serve to find the complex factor for each coil that connects the new real
image with the coil-separated image from the previous iteration step
best.

• After a Fourier transform the k-space is now filled with values con-
forming to the exponential model and is compared with the original
array containing the measurement data. All k-space coordinates with
measured ( = non-zero) points replace the approximate values yielding
a version, which is consistent with the samples.

• With the improved k-space the next iteration starts by again switching
to real-space.

As stopping criterion, one can set a limit for the difference of any in-
termediate image and its version in the previous iteration. The number of
iterations until the image converges depends on the choice of how many ac-
quired spirals are binned, i. e. the set temporal resolution. MOCO-MAP
with a temporal resolution of about 50 ms converges after few iterations,
but the reconstruction is still very time consuming (around one day for one
reconstructed 2D image series). Usually after 8-10 iterations no significant
differences with respect to the previous iteration are visible.

3.1.4 Subject study

A spoiled gradient echo IR sequence with spiral trajectory was used (TR:
5.0 ms – 5.6 ms, flip angle: 10 °, in-plane resolution of 1.51×1.51 mm2 – 1.42×
1.42 mm2 and a slice thickness of 5 mm), equipped with a GSTF-based gradi-
ent correction (see 1.3.5). Data was sampled for 5.0 s – 10.3 s in breath-hold
from volunteers and patients, one mid-ventricular short-axis slice was ac-
quired.

The conducted study was approved by the ethics committee of the Univer-
sity of Würzburg (submission date: 08.04.2019, corresponding code: 90/19-
sc). An inclusion criterion for the patients in the study was a clinically in-
duced cardiac MRI examination with the use of contrast agent (intravenous
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Figure 14: MOCO-MAP processing steps. The core operations – motion correc-
tion and application of the exponential model – are shown in red.
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application of 0.4 ml/kg body weight of Dotagraf [Jenapharm, Jena, Ger-
many]). Written informed consent was obtained from all subjects. For ref-
erence LGE bSSFP exams were performed, with TE: 1.54 ms, TR: 3.8 ms,
flip angle: 40 °, breath-hold duration: 10–12 s, 5 IR preparations, in-plane
resolution of 1.3 × 1.3× mm2, slice thickness of 8 mm and TI: 280–340 ms.
The MOCO-MAP acquisitions were scheduled subsequent to the completed
reference exam, i. e. 20–30 minutes after contrast agent application.

3.2 IR-CRISPI

When finding a suitable reconstruction method, it is crucial to be aware of
the limiting factor, which is dominantly responsible for loss in image qual-
ity. Moreover, in radial and 3D sampling, undersampling often leads to
severe stripe-like undersampling artifacts. For the proposed 2D spiral real-
time sampling,13 the amount of samples per time segment is closer to full
sampling. In this case undersampling manifests mainly in blurring, which
is less obstructive for the reconstruction of the image. As a consequence,
exploitation of the redundancy can be achieved by a softer constraint. In
the proposed method, inversion recovery cardiac real-time imaging using a
spiral trajectory (IR-CRISPI),39 it is achieved by separation into low-rank
plus sparse37 part, which is related to compressed sensing.

3.2.1 Conception

Preceding this work, the low-rank plus sparse37 reconstruction could already
be successfully applied (see 1.3.6) on spiral cine acquisitions.13 Due to the
appearance of low-signal periods during zero crossing of the signal course, the
reconstruction was then augmented with an additional wavelet constraint.52

This way, the increased effective noise level is reduced. The modified mini-
mization problem39 can be formulated as

argminL,S ||y − F(L + S)||22 + λL||L||∗ + λS||TS||1 + λW ||W(L + S)||1.
(29)
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Here, the measured k-space data is y, low-rank and sparse part are L

and S. Transforms are the spatial Fourier transform combined with the coil-
separating and sampling operator F, the Fourier transform in time domain
acting as sparsifying transform T and the wavelet transform W. The norms
denoted with 1, 2 and * are the l1, l2 and the nuclear norm, respectively.
Regularization terms are accompanied by the respective parameters λL/S/W .

With focus on an optimized application and evaluation of IR-CRISPI, it
was designed to gather functional (constant contrast) and viability (signal
recovery) information in a single measurement. The reconstructed data sets
were separated afterwards, to firstly deliver cine-like movies, which are man-
ually synchronized at the second heartbeat to improve volume assessment.
Secondly, a novel data set was generated for an LGE image series covering
not only one point in time but the signal recovery, which permits to ret-
rospectively search for the optimal contrast between healthy and diseased
myocardium.

3.2.2 IR-CRISPI algorithm

The IR-CRISPI algorithm (illustrated in fig. 15) works analogous to MOCO-
MAP (see 3.1.3), but instead of

• real-valued data, it is possible to work with the original complex-valued
data, which means the phase correction step can be omitted.

• the exponential fit, the steadier image content is represented by the
low-rank part, i. e. a soft-threshold of the image minus sparse part of
the last iteration is performed at λL: 0.01.

• the motion field via image registration, the motion is maintained and
noise-filtered in the sparse part S, initialized with 0. It is the image
minus the newly updated low-rank part. Filtering via soft-threshold in
time-domain (at λS: 0.05) acts as sparsifying transform.

Noise suppression is performed subsequently to the determination of L

and S by wavelet filtering L + S at a cut-off (λW ) of 0.003.
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By design, these changes prevent artifact generation due to deviations
with respect to exponential behavior, regardless whether these arise from
flaws in the phase correction, suboptimally regularized exponential fit or
partial volume effects. Additionally, image distortion or extra blurring due
to image registration is avoided, while the reconstruction is accelerated im-
mensely. Least-squares fits and image registrations take up significantly more
time in comparison to fast Fourier transforms, leaving the gridding procedure
as slowest single operation.

3.2.3 Patient study

A spoiled gradient echo IR sequence with spiral trajectory was used (TR:
5.0 ms, flip angle: 12 °, in-plane resolution of 1.54 × 1.54 mm2 – 1.42 × 1.42 mm2

and a slice thickness of 8 mm), equipped with a GSTF-based gradient cor-
rection (see 1.3.5). Data was sampled for 5.0 s – 10.3 s in breath-hold of the
subjects, one mid-ventricular short-axis slice was acquired.

A patient study including 10 patients after contrast agent application
(intravenous application of 0.4 ml/kg body weight of Dotagraf [Jenapharm,
Jena, Germany]) was conducted. The conducted study was approved by the
ethics committee of the University of Würzburg (submission date: 08.04.2019,
corresponding code: 90/19-sc). Written informed consent was obtained from
all subjects. As references for functional imaging, prior to the contrast agent
application, cine images were acquired in the course of the medically indi-
cated standard exam (TE: 1.41 ms – 1.51 ms, TR: 3.19 ms – 3.48 ms, flip an-
gle: 42 ° – 50 °, in-plane resolution: 1.44 × 1.44 mm2 – 1.26 × 1.26 mm2, slice
thickness: 8 mm, temporal resolution 38.3 ms – 40.9 ms, performed in breath-
hold over 12 heartbeats). Additionally, LGE reference images were acquired
(TE: 1.54 ms, TR: 3.8 ms, flip angle: 40 °, breath-hold duration: 10 – 12 s, 5
IR preparations, resolution of 1.3 × 1.3 mm2, slice thickness: 8 mm and TI:
280 ms – 340 ms). The IR-CRISPI acquisitions were scheduled 8–9 minutes
after contrast agent application and directly before the LGE reference exams.

Evaluation To receive reliable values for the quantitative functional mea-
sures of end-diastolic volume (EDV), end-systolic volume (ESV), ejection
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Figure 15: IR-CRISPI processing steps. Core of the algorithm (shown in green)
is the separation into low-rank (L) and sparse (S) part. The index i shows the
iteration number starting from 1, S0 = 0.
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fraction (EF), stroke volume (SV) and myocardial mass in diastole, a physi-
cian with 5 years of experience in cardiovascular imaging segmented the
bSSFP reference images and IR-CRISPI cines. In doing so, the designated
software cvi42 (Circle Cardiovascular Imaging Inc., Calgary, Canada) was
used to segment the inner and outer contour of the left ventricle. Because
sufficient magnetization is recovered before the second “R"-wave, synchro-
nizing the 2D slices at the second systole and segmenting it together with
the subsequent diastole was chosen to determine the functional parameters
– applicable even for very slow pulses.

Two physicians contributed with their experience (5 years and 10 years
in cardiovascular imaging, respectively) for the assessment of the myocardial
viability of the patients. They independently determined appearance of LGE
in the IR-CRISPI images and in the respective references. On a five point
scale (0 meaning low, 1: rather low, 2: medium, 3: rather high and 4: high)
following ratings were performed:

• transmurality (0: none, 1: 0–25%, 2: 25%–50%, 3: 50%–75%, 4: 75%–100%)

• the confidence in their LGE assessment (0: none, 1: unsure, 2: potential,
3: probable, 4: certain)

• overall image quality

• artifact level

• noise level

• image contrast between LGE and myocardium

• image contrast between LGE and blood

Additionally, it was recorded whether the physicians exploited the option
to use multiple TI contrasts for the assessments based on IR-CRISPI. In the
case of uncertain LGE existence, the ratings listed above were omitted.
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Statistics For all numerical results described above a Bland-Altman anal-
ysis was performed. The Wilcoxon signed-rank test was determined to check
for significance of the differences between IR-CRISPI and acquisitions of the
corresponding breath-hold technique. The significance level was set to 0.05.

3.3 Setup

All measurements were done on a 3 T MR scanner (MAGNETOM Prismafit;
Siemens Healthcare, Erlangen, Germany).

Reconstructions were performed using MATLAB (MathWorks, Natick
MA, USA).
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Figure 16: MOCO-MAP images of a healthy volunteer during nulled myocardium
(TI: 713 ms). No contrast agent was applied in the volunteer study. Shown are the
initial coil-combined image (A), the images using MOCO-MAP pseudo heartbeat
reconstruction (B) and using MOCO-MAP reconstruction with iterative MOCO
(C). The initial image (A) appears blurry with stripe-like undersampling artifacts.
B and C1 are based on the full acquisition of 10.3 s, however, in contrast to the
pseudo heartbeat concept, retrospectively cropping the data set at the 3.0 s-mark
still allows for reconstruction with the iterative MOCO technique (C2).

4 Results

Imaging results using the methods MOCO-MAP and IR-CRISPI are pre-
sented in this section. MOCO-MAP was tested for feasibility and initial
optimization of the measurement protocol, IR-CRISPI could be validated in
a pre-clinical study.

4.1 MOCO-MAP

Both, MOCO-MAP implemented with iterative motion correction as well as
with interpolated pseudo heartbeat (3.1.2) result in obvious improvement in
terms of resolution and artifact removal with respect to basic gridding (see
fig. 16). Using a binning of 10 spiral arms, which means a temporal resolution
of 50–56 ms, visible improvement can be achieved in the first seven to nine it-
erations. In detail, the reconstruction with iterative motion correction allows
to use a substantially smaller data set (fig. 16 C2). It generated results that
were hardly distinguishable from the images based on the full data set (aside
from being shorter in temporal direction). The shortening even resulted in a
slightly reduced blurring in connection with patient motion.

The motion correction could be applied successfully. Decreased blurring
due to cardiac motion can be shown in the results (fig. 17).

In figure 18 A a recorded ECG that did not properly capture all “R"-
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Figure 17: Images originating from the same acquisition shown in figure 16 at TI
of 4.2 s. Compared are the images generated via MOCO-MAP reconstruction (A)
and via MAP reconstruction (B) without motion correction. As the exponential fit
corresponds to averaging while the diastole is significantly longer than the systole,
leaving out the motion correction yields a blurry version of the image in diastole.
To bring out blurring, the left ventricle is cut out in A2/B2. The blurring is visibly
increased in the reconstruction without motion correction (B2).
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Figure 18: MOCO-MAP images from the same acquisition as shown in figure 16
at TI: 2.4 s and the ECG recording corresponding to that acquisition (A). They
are reconstructed using iterative MOCO (B) and using pseudo heartbeat motion
correction technique (C). Due to irregular pulse or bad signal recording of the ECG,
the “R"-wave (maximum peaks, A) was not always correctly identified (missing
wave is marked with red dashed line at ca. 2 s). The iterative MOCO reconstruction
is independent from the ECG, consequently the systole is maintained in the result
(B). The motion correction via the pseudo heartbeat reconstruction treats the
systole at the same point in time as diastole (C).

waves is shown. Incorrect ECG recordings represent one possible error source
introduced by the pseudo heartbeat reconstruction (also fig. 18). In this
example the reconstruction took two heartbeats as one and interpolated the
motion field accordingly. As a consequence, firstly, the motion here can
not be corrected and secondly, the fit is based on wrong node points. This
results in blurring in the myocardial region, comparable to, but usually in a
less severe extent than, the blurring shown in figure 24.

Representing MOCO-MAP’s main feature, figure 19 illustrates the pos-
sibility to set TI retrospectively. Stepless setting of TI or depiction of the
image series as one T1 map (see figure 20) is possible, as the exponential
relaxation parameters are already determined by curve fitting.

Figure 21 demonstrates the visibility of contrast agent induced delayed
enhancement in the myocadium. Due to residual gadolinium concentration
in connection with contrast agent enhanced imaging, characteristic inversion
times like the TI of nulled myocardium are significantly lowered (compare
results shown in 4.2).
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Figure 19: The MOCO-MAP reconstruction yields a time-resolved image series
of the full signal recovery after an inversion preparation. Here the absolute signal
intensities are shown. The result in standard LGE imaging is a static image at
one fixed TI, the TIs of the depicted results are given in a timeline below.

Figure 20: T1 map (right) from the MOCO-MAP acquisition already shown multi-
ple times (fig. 16 ff) and MOCO-MAP image at TI: 10.0 s shown for visual reference
(left). The T1 map was determined using the three pixel-wise fitting parameters
M0, M∞ and T ∗

1 (see 2.3).
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Figure 21: Delayed enhancement appearing in MOCO-MAP (A) and LGE ref-
erence images (B) of a patient with Fabry cardiomyopathy as part of the patient
study. This MOCO-MAP result at TI: 335 ms as well as the images acquired with
bSSFP reference technique both clearly show the bright spot in the lateral left
ventricle (red arrow). A1 and B1 show the magnitude, whereas A2 and B2 are
depicted in phase-sensitive representation. Single bright pixels at the border of
the right ventricle are caused by erroneous phase-correction (A).
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Figure 22: MOCO-MAP images at early TI (A: 235 ms) and late TI (B: 3.7 s,
C: 4.1 s) from the same acquisition and patient as shown in figure 21. The de-
tectability of altered T1 because of contrast agent accumulation is not only given
during zero-crossing of the myocardial signal (red arrow in A, compare with fig. 21).
The cardiac cycle is resolved (B: diastole, C: systole).

Figure 23: Example illustrating the error caused by motion correction. Here, a
slice showing the basal myocardium (A) was motion corrected and warped back
once (B) and five times (C). Instead of yielding the identical image, the moderate
change after one application becomes severe after five.

In contrast to the static images from standard LGE imaging, MOCO-
MAP images cover both, the relaxation process of the magnetization and the
complete cardiac cycle (shown in figure 22).

Artifacts introduced by MOCO-MAP The following paragraph de-
scribes potentially appearing artifacts caused by iterative fitting and motion
correction. While a single motion correction step often does not lead to ob-
vious mis-registrations, repeated application of a determined vectorfield for
motion compensation and subsequent reinstatement reveals inaccuracy of the
method (see fig. 23). Incorporated in the iterative algorithm of MOCO-MAP
this is one source of additionally introduced artifacts.
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Figure 24: MOCO-MAP images from an acquisition of a thin slice (3 mm) at
TI: 769 ms, which was part of the patient study. Weak signal to noise ratio because
of the chosen slice thickness resulted in poor motion correction. Consequently,
these inaccurate intensity shifts and smoothing by the pixel-wise fit lead to heavy
blurring in the region of the the left ventricle (left arrow) and the papillary muscles.
Edges of non-moving tissue are resolved well (compare the diaphragm in breath-
hold, right arrow).

As a consequence of this inaccuracy, the exponential fit, which is supposed
to enforce the physical model for identical tissue, will not only level out the
intensity fluctuations due to undersampling, but also blur the edges of moving
tissue (see fig. 24).

Additionally, for cases in which the intensity change due to residual mo-
tion exceeds the magnitude of the exponential signal development, least-
squares fitting leads to unrealistic parameter determination (see fig. 25).

Finally, the quickly changing contrast at the beginning of the exponential
signal relaxation leads to significant signal changes in a short period of time.
Since the exponential fit is less accurate in this period of rapid change, mis-
registrations can appear when using intensity based motion correction. For
the reconstructed image this means gross distortions (see fig. 26).
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Figure 25: MOCO-MAP images of the same acquisition of the volunteer study
shown in figures 16 ff represented by the exponentially fitted values at TI: 38 ms (A)
and at TI: 11.8 s (B). The pixels marked with red arrows depict lung tissue and
myocardium at different TIs, respectively. The signal yield of the two organs differs
strongly, thus the signal course of pixels that contain both types of tissue over time
can not be approximated as exponential curve (signal course C at the pixel location
of the upper red arrow in A and B). If the motion correction is insufficient, the
exponential fit results in crude averages or even just constant pixel intensities (i. e.
T ∗

1 = 0, signal course D at the pixel location of the lower red arrow in A and B).
The blue signal course (E) shows the signal of the MOCO-MAP result at the tip of
the blue arrow for comparison. The exponential development here predominates
signal change due to cardiac motion.

Figure 26: MOCO-MAP images acquired in the volunteer study at TI: 4.1 s (A)
and at TI: 214 ms (B). Fast intensity change at this low TI (B) leads to mis-
registrations due to the discrepancy between image series with fitted values and
moving image.
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Figure 27: A1 and B1 show the IR-CRISPI image during reconstruction at 1.085 s
after the inversion pulse. It is separated into low-rank (L) (A1 and A2) and sparse
part (S) (B1 and B2). L represents the slowly changing background and thus is
blurry in the myocardial area (A1). Quickly changing contributions are contained
in S (B2). A2 and B2 show the phase-sensitive signal courses over time of the
yellow marked pixel in A1 and B1, respectively. In A2 and B2 the acquisition time
of L and S is marked with a yellow line, respectively.

4.2 IR-CRISPI

The results shown in figures 27 and 28 offer insight into the IR-CRISPI re-
construction principle. Figure 27 shows the low rank part, which is given
by the singular value decomposition in combination with a soft threshold.
This separate depiction confirms that the reconstruction is able to extract
the image background in a way that maintains the overall signal course. The
figure also shows the overlay of quickly changing signal in the part enforcing
sparsity by soft threshold in the temporal domain. These are mainly regions
with myocardial motion and with fast magnetization recovery. The recon-
struction thus does not represent a strict separation into background and
motion.
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Figure 28: IR-CRISPI image at 335 ms shown without (A) and with applied
wavelet constraint (B). Enforcing local smoothness in the spatial dimension by
wavelet filtering is an effective tool to suppress noise. Near the zero-crossing of
the signal (depicted here) this is easy to notice.

Figure 28 shows the additionally implemented denoising via wavelet filter.
The low signal to noise ratio (SNR) during zero-crossing shows the impor-
tance of this step, which significantly improves recognition of physiological
borders during the contrast of optimal LGE assessment.

An overview of the proposed IR-CRISPI imaging results from one mea-
surement, which belong to one out of ten patients of the conducted study, is
shown in figure 29. It comprises depiction of multiple slices, different inver-
sion times, with the first second of the image series stored separately for the
localization of late enhancement and the latter ≈ 2.5 s for the assessment of
the myocardial function. As the reconstruction of the image series works with
the complex data, retrospective representation as absolute valued as well as
phase-sensitive (PSIR) image is possible. The total acquisition duration of
the 15 slices took 105 s. Covering the whole left ventricle of the ten patients
took 97 s on average.

4.2.1 Functional analysis

As IR-CRISPI is a real-time acquisition, the number of image frames per
cardiac cycle varies. In contrast to the reference with 25 frames averaged
from 12 cycles, one examined cycle in the patient study yielded 13 to 29
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Figure 29: Overview of the results yielded by IR-CRISPI for one patient with
acute antero-septal infarction and microvascular obstruction. Four of the total of
fifteen acquired slices are shown in A (TI: 285 ms). The depicted myocardium ex-
hibits a large enhancement stretching over the anterior and the antero-septal left
ventricle (transmurality > 75 %). As the image series in B is absolute valued, the
affected tissue first displays hypo-enhancement at TI: 185 ms (with the negative
valued healthy myocardium shown bright) and then regular hyper-enhancement
at TI: 285 ms (B, second from left). The phase-sensitive image series (C) shows
zero valued pixels with an offset so they appear grey, here the enhancement is
always bright in comparison to healthy myocardium. The image series also con-
tains the dynamic information necessary to segment the myocardium for functional
evaluation (B: third and forth image from left, TI: 985 ms and TI: 1385 ms). In D
the signal course over time of the pixels indicated in B (second image from left),
first, shows a rapid, almost full relaxation of the magnetization and three complete
cardiac cycles afterwards. Previously published39 under CC BY-NC 4.0 licence.
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Figure 30: Comparison between breath-hold cine (A) and IR-CRISPI images (B)
of a 49-year-old male patient with Fabry disease for diastole (1), systole (2) and
the 1D signal course over time (3) from the pixels indicated with a grey line in
the images above. The second cardiac cycle, which was used to segment the IR-
CRISPI images for functional measures, can be approximated to be completely in
steady-state like the reference images. Previously published39 under CC BY-NC
4.0 licence.

reconstructed frames. The two different cines belonging to one patient are
illustrated in figure 30. Manual volume segmentations could be performed
for all patients included in the study, the functional parameters determined
via IR-CRISPI alongside the evaluation from the breath-hold technique are
plotted in figure 31.

The results are additionally compared with the reference by Bland-Altman-
plots in figure 32. The biases from the functional evaluation together with
the differences concerning the viability assessment are listed in table 1. The
breath-hold technique compared with IR-CRISPI yields a 6.5 ml (3.8 %) larger
EDV, 1.2 ml (1.7 %) smaller ESV, 2.3 % (4.8 %) larger EF, 7.7 ml (8.8 %)
larger SV and 5.0 g (3.2 %) larger myocardial mass. The Wilcoxon signed-
rank test shows that none of these discrepancies exceed the limit of signifi-

52



Figure 31: Results of the volume segmentations for all included patients. From
the end-diastolic volume (EDV) and the end-systolic volume (ESV), stroke volume
(SV), ejection fraction (EF) and the myocardial mass were determined.

cance (p-value regarding EDV: 0.38, ESV: 0.63, EF: 0.16, SV: 0.23, mass: 0.28).

bias confidence interval
EDV [ml] 6.54 35.5
ESV [ml] -1.19 9.24
EF [%] 2.29 7.07
SV [ml] 7.72 31.5
mass [g] 4.96 20.2

transmurality 0.20 1.33
confidence in a. 0.05 1.31
overall quality 0.05 2.01
artifact level 0.75* 1.74
noise level -0.8* 2.02
contrast LE/myoc. 0.47 1.73
contrast LE/blood 0.20 3.14

Table 1: Bias and confidence interval (1.96× standard deviation) of IR-CRISPI
with respect to its reference breath-hold sequences. Significant differences are
marked with an asterisk. Previously published39 under CC BY-NC 4.0 licence.
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Figure 32: Bland-Altman-plots from IR-CRISPI vs. the respective breath-hold
bSSFP acquisition. Shown are all 10 deviations between end-diastolic volumes
(EDV), end-systolic volumes (ESV), ejection fractions (EF), stroke volumes (SV)
and myocardial masses, with a confidence interval of 1.96 standard deviations.
Previously published39 under CC BY-NC 4.0 licence.

4.2.2 LGE imaging

An example of an LGE appearing on IR-CRISPI images is given in figure 33.
The patient suffered from an acute infarction causing LGE, the transmurality
of which was found to be larger than 75 % and it also involved the papillary
muscles. While the routine exam yields a static image, via IR-CRISPI the
signal development can be observed over time.

The ratings concerning the LGE assessment with IR-CRISPI and its ref-
erence bSSFP measurements are listed in table 2. The detection of LGE
agreed for one reader for ten out of ten patients and for the other reader for
nine out of ten patients between breath-hold sequence and IR-CRISPI. In de-
tail, the thickness of the LGE, which is being assessed in the transmurality,
in the ratings of the two readers differed at most by 25 %. The confidence
the readers had in these assessments also differed by maximum one grade
with respect to the other reader and with respect to the other acquisition
method. Higher variance of the rating was observed for the perceived image
contrasts, where the difference amounts up to 3 points on the given scale.
The artifact and noise level assessments differed by up to 2 points between
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Figure 33: Comparison of LGE imaging via breath-hold bSSFP acquisition (A)
and IR-CRISPI in magnitude depiction (B1-B3). The patient is a 54-year-old man
with acute myocardial infarction in the infero-lateral mid-ventricular wall (white
arrow) with involvement of the papillary muscles. For an early TI of 135 ms the in-
farcted tissue appears dark while healthy myocardium appears bright (B1), at and
after the zero-crossing of the myocardial signal LGE appears bright (B2 TI: 235 ms,
B3 TI: 260 ms). Previously published39 under CC BY-NC 4.0 licence.

methods and raters, respectively.
The corresponding Bland-Altman evaluation can be read in the lower rows

of table 1. The Wilcoxon signed rank test reveals that the biases between
reference and IR-CRISPI are not significant except for the noise level, which
is significantly lower (-0.80 points) for the breath-hold sequence, and for the
artifact level, which is significantly higher (+0.75 points) with respect to it.

As the breath-hold acquisition yields static images, the readers could only
view multiple TI-contrasts in the presented IR-CRISPI images. This feature
was consistently used for all patients by both readers.
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patient # LGE present? transmurality confidence in assessment
reference IR-CRISPI reference IR-CRISPI reference IR-CRISPI

1 no / no no / no 0 / 0 0 / 0 3 / 3 4 / 3
2 yes / yes yes / yes 4 / 4 4 / 4 4 / 4 4 / 4
3 yes / yes yes / yes 3 / 3 3 / 3 3 / 4 4 / 3
4 no / no no / no 0 / 0 0 / 0 4 / 4 4 / 4
5 yes / yes yes / no 2 / 3 1 / 0 3 / 2 2 / 3
6 yes / yes yes / yes 3 / 3 3 / 3 3 / 4 4 / 3
7 yes / yes yes / yes 1 / 2 1 / 2 4 / 4 4 / 4
8 yes / yes yes / yes 2 / 2 2 / 2 3 / 4 2 / 3
9 yes / yes yes / yes 4 / 4 4 / 4 4 / 4 4 / 4
10 yes / yes yes / yes 4 / 4 4 / 4 4 / 4 4 / 4

multiple frames used? artifact level noise level
1 yes / yes 0 / 1 0 / 1 0 / 0 2 / 1
2 yes / yes 3 / 1 1 / 1 1 / 0 2 / 2
3 yes / yes 3 / 2 1 / 1 4 / 2 2 / 2
4 yes / yes 2 / 1 0 / 0 1 / 0 1 / 1
5 yes / yes 2 / 2 1 / 1 1 / 1 2 / 1
6 yes / yes 2 / 2 0 / 1 2 / 2 2 / 1
7 yes / yes 1 / 2 1 / 1 1 / 1 2 / 2
8 yes / yes 0 / 1 1 / 1 0 / 1 2 / 2
9 yes / yes 2 / 2 0 / 2 1 / 1 2 / 2
10 yes / yes 0 / 1 0 / 1 0 / 0 2 / 2

overall image quality contrast LGE/myoc. contrast LGE/blood
1 3 / 4 3 / 3
2 3 / 3 3 / 2 4 / 4 4 / 2 4 / 3 4 / 2
3 1 / 2 3 / 1 3 / 2 4 / 2 1 / 1 3 / 1
4 3 / 4 3 / 4
5 2 / 2 3 / 3 3 / 2 2 / 1 / 2 2 /
6 2 / 2 4 / 2 3 / 2 4 / 1 1 / 1 4 / 1
7 4 / 3 4 / 2 4 / 3 4 / 2 3 / 3 3 / 0
8 3 / 3 3 / 2 2 / 3 2 / 1 3 / 2 3 / 1
9 2 / 3 3 / 2 4 / 4 4 / 3 4 / 4 4 / 2
10 4 / 4 4 / 2 4 / 4 4 / 3 3 / 4 4 / 1

rating from: (reader 1/reader 2);

transmurality of the LGE: (0: none, 1: 0-25 %, 2: 25-50 %, 3: 50-75 %, 4:75-100 %);

confidence in assessment: (0: none, 1: unsure, 2: potential, 3: probable, 4: certain);

other ratings: (0: low, 1: rather low, 2: medium, 3: rather high, 4: high)

Table 2: LGE ratings from two radiologists. Highlighted is the one case for
which the readers disagreed with respect to LGE presence. Here, either reader
had more confidence in the other acquisition technique, respectively. LGE/tissue
contrast was not rated where no enhancement could be detected. In part published
previously39 under CC BY-NC 4.0 licence.

Additionally to the clearly defined LGE, patchy LGEs can appear. One
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Figure 34: Focal patchy LGE of a 38-year-old male patient with Fabry cardiomy-
opathy (marked with a white arrow). While the enhancement does appear in the
reference exam, an additional motion artifact is depicted (red arrow). IR-CRISPI
constistently shows the LGE for the different image frames over time, here shown
are TI: 235 ms (B1), 285 ms (B2), 310 ms (B3). Previously published39 under CC
BY-NC 4.0 licence.

Figure 35: Heavy breathing artifacts (A1), they appeared as part of the same
exam of the patient shown in figure 34. The artifacts render the acquisition non-
diagnostic. The patient was able to repeat the breath-hold for this slice acquisition
later, resulting in reduced artifact appearance (A2). IR-CRISPI was not affected
by potential motion (B). Previously published39 under CC BY-NC 4.0 licence.

example of this could be captured during the patient study. It is shown in
figure 34.

Multiple patients of the study experienced difficulties to complete the
breath-holds during the reference acquisitions. When dealing with patients
with cardiac diseases, this a frequently encountered problem. If it is noticed
by the examiner during the exam, the corresponding acquisition can be re-
peated. This is what happened in the case of the acquired reference shown
in figure 35.

The occurrence of an enhancement just in the reference (example also
listed in table 2, patient 5) can be seen in figure 36. A slice shift due to
breathing motion can not be ruled out. However, directly adjacent slices do
not show enhancements for IR-CRISPI either. Despite the breathing artifacts
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Figure 36: Three slices in optimal contrast for LGE depiction of a 66-year-old
woman with Fabry cardiomyopathy, in the table 2 listed as #5. In A1 an enhance-
ment can be seen in the image of the beath-hold technique (white arrow), while no
anomaly can be observed via IR-CRISPI (B). Additional breathing artifacts of the
reference method appear in A2 and A3. Previously published39 under CC BY-NC
4.0 licence.

in the reference, which also appear bright, both readers labeled the shown
dots as late gadolinium enhancement. Just the reader who was additionally
asked to segment the left ventricle for functional evaluation observed a shal-
low enhancement in the lateral wall in the IR-CRISPI images series before
one second after the acquisition start in the data rendered for cine evaluation.
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5 Discussion

The implications that arise from the MOCO-MAP and IR-CRISPI results
are discussed in the following section.

Generally, it can be inferred that a replacement of the segmented my-
ocardial exam for a single-shot acquisition like MOCO-MAP or IR-CRISPI
would come with significant time saving at the MR-scanner. To give exem-
plary values‡, a standard exam comprising myocardial function and viability
assessment of fourteen 8 mm slices takes up the time of

14 · tcine + 14 · tLGE + tTIscout + 28 · tgap. (30)

Assuming typical pauses to breath between the measurements (tgap) of 10 s,
this yields a minimally possible measurement time of

14 · (9 s + 11 s) + 5 s + 28 · 10 s = 9.4 min. (31)

With 2.5 s MOCO-MAP acquisitions, the total exam time could theoret-
ically be reduced to 2.8 min (14 · 2.5 s +13 · 10 s). Additionally, the patient
comfort would increase due to breath-hold durations of just 2.5 s. Using IR-
CRISPI this time can further be decreased to 1.5 min (14 · 6.5) s, as it is
acquired in free breathing. ECG-triggering is disregarded in this calculation,
but contributes twice the amount of trigger delays on the side of the standard
exam. Similarly, the time regarding necessary settings at the scanner, e. g.
adjustment of TI in the standard exam, also adds depending on the examiner
to the duration of the standard exam.

5.1 MOCO-MAP

MOCO-MAP is motivated by a great potential for acceleration and a ver-
satile myocardial exam. Although the realization is possible to some ex-
tent, until now motion could never be captured accurately. Artifacts can be

‡The durations derive from the MR measurement parameters described in sub-sections
3.1.4 and 3.2.3.
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misinterpreted as LGE and insufficient exponential fits can lead to flaws in
the calculation of T1. A slice-by-slice MOCO-MAP acquisition could yield
the information necessary for the left-ventricular function evaluation and T1

mapping or the function plus viability evaluation when featuring contrast
agent application.

Although the MAP-algorithm exhibits great robustness regarding under-
sampled data reconstruction,47 repeated motion correction cancels to some
extent the benefit of the model-based approach. Image registration is in-
trinsically already an error afflicted operation, because continuous motion
of continuous matter is projected on discrete pixel locations. However, for
iterative methods like MOCO-MAP this happens in an accumulating man-
ner. Non-rigid motion correction and algorithms incorporating it are also
prone to be erroneous or inaccurate, when the regularization parameters are
not adjusted for the specific case. Additionally, the signal characteristics of
undersampled IR data are not well suited for image registration. Reasons
for this comprise the fact that most registrations algorithms are based on
signal intensity matching,23 while the inversion leads to constantly changing
intensity. Even small differences in image contrast between moving and fixed
input images, e. g. introduced by the exponential fit, causes detection of mo-
tion where there is none. The other reason is that registration algorithms
are more accurate for well resolved edges. This conflicts with the iterative
algorithm, which is initialized with a blurry image.

A dependency on the used k-space trajectory and its corresponding un-
dersampling artifact pattern was observed. The underlying effect is that
these intensity fluctuations are misinterpreted as motion. This effect, how-
ever, is for the most part eliminated by median filtering the motion field in
time direction.

Finally, conventional image registration algorithms are time-consuming
and easily take up more than two-thirds of the reconstruction time. Think-
able as a solution is a tensor or artificial intelligence based approach for
motion correction, which would have to be designed to satisfy the special
conditions for IR image data registration.

Motion correction, however, is still a powerful tool in cardiovascular MR.
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The concept of combining, for example, single instead of iterative motion
correction with the application of a physical model can lead to superior qual-
ity of images reconstructed from undersampled data with less signal loss in
the walls of the right and left ventricle.2 One of the main problems of car-
diovascular imaging with patients affected in that region is the difficulty for
them to hold their breath. In regions of interest where breathing motion
can be approximated as rigid transformation rigid correction of respiratory
motion represents another field for acceleration of myocardial imaging in free
breathing.15 Also noteworthy is the fact that in a 2D acquisition not all com-
ponents of the motion is captured as deformation of flexible tissue. While
in-plane motion can theoretically be corrected, through-plane motion repre-
sents a significant challenge in cardiac 2D imaging. One option to overcome
this problem is to expand the acquisition protocol to 3D.2 This strategy,
however, comes with the difficulty of distinctly decreased sampling per time
interval, meaning additional undersampling.

5.2 IR-CRISPI

A solution to surpass the problems faced using MOCO-MAP and, addition-
ally, to advance to a free-breathing method was discovered. An algorithm
designed for the reconstruction of undersampled cine data was transferred
and tested on the data, previously acquired for MOCO-MAP. This approach
was improved, surveyed and published. It will be presented in this section.

IR-CRISPI39 combines functional and late gadolinium enhancement imag-
ing using one magnetization inversion per acquired slice. It has been vali-
dated in a small patient study of 10 patients evaluated by two physicians.
The mean acquisition time for the whole left ventricle could be kept below
100 s on average, while the quality was not rated significantly different from
the distinctly longer standard exams. Additionally, IR-CRISPI works with-
out breath-holds, while the standard exam requires breath-holds, at least the
number of acquired slices times two. Problems often faced in CMR exams
include the inability of patients to hold their breath or even stay awake.
Here, IR-CRISPI is a valid solution, which is not dependent on the ability
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of the patient to execute breathing commands. Artifacts originating from
the reconstruction algorithm could largely be eliminated to an extent that
the LGE images reached lower artifact levels than the presented reference
exam (average rated level of 0.75 instead of 1.5 for the reference). As the
low-rank plus sparse approach is able to exploit the redundancy of dynamic
image data, while maintaining the motion, advantages can be seen especially
with respect to motion correction approaches featuring image registration.
Image distortion, blurring and consequential artifacts can be avoided, image
reconstruction time can be reduced significantly (MOCO-MAP about 12 h
vs. IR-CRISPI about 0.5 h per reconstructed slice).

The choice of real-time36 imaging protocols instead of segmented acqui-
sitions has already been recommended for cardiac cine and LGE assessments
in the context of patients affected with arrhythmia or dyspnoea.28 Reason
for this is the obvious benefit of a prevention of motion artifacts. IR-CRISPI
additionally offers the practical aspect of the combined measurement for cine
and LGE imaging without the need for additional TI-scout sequence runs.
This comes with the benefit of automatically measuring at consistent slice
positions during cine and LGE acquisitions. Two separate measurements
bring the risk of losing the imaging reference position due to patient body
motion. They are often more than 15 minutes apart, because the contrast
agent is usually applied between the measurements.26 The combination of
the sequences into one is also time-efficient, because the applied non-selective
inversion pulses need to have time gaps for magnetization recovery. These
gaps can partially be used to acquire the data needed for cine reconstruction,
as the latter part of the exponential curve is narrow and the residual contrast
change does not hamper manual volume segmentation for functional evalua-
tion. This means that the total LGE plus cine acquisition time is inherently
shorter than the separate sequential measurements. This also means just
one completion of the iterations is needed for the image reconstruction. As
sampling periods steadily become shorter, the additional information from
a combined reconstruction can facilitate the determination of the low-rank
part.

After the preceding validation of functional evaluation via real-time imag-
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ing using spiral sampling (CRISPI13 ), one goal of this research was to repli-
cate these promising results. As no significant differences between the func-
tional parameters via breath-hold technique and IR-CRISPI could be de-
tected, this goal was achieved. However, standard deviations of the difference
between both methods for EDV and SV were found to be higher in the pre-
sented study. This is not necessarily caused by the difficulty to segment data
originating from an MR sequence with magnetization preparation. Instead,
the reason might also lie in the selection of subjects in the study. In contrast
to the CRISPI study, in which 78 % subjects have been healthy participants13

and all of them were able to perform the requested breath-holds, IR-CRISPI
was applied in a pure patient study. Subjects with difficulties to hold their
breath and with irregular pulses have been included in the study. The ac-
cording consequences for imaging have been demonstrated (e. g. in fig. 35).
These conditions may not only cause motion artifacts, but predictably lead
to deviations in the segmented volumes, as the parameters via the real-time
method are inherently subject to these fluctuations. To mention the order of
magnitude of normal deviations, 3.9 % to 10.2 % of interobserver variability31

even for data exclusively originating from segmented cine acquisitions have
been reported.

When comparing LGE representations of the reference with IR-CRISPI,
it is important to keep in mind that IR-CRISPI was acquired 8-9 minutes
after contrast agent application to keep the acquisition time with optimal
contrast for LGE assessment (later than 10 minutes after application) for
the medically approved sequences.26 Hypothetically this could be the reason
of the deviation regarding a small LGE appearing just in the images acquired
via breath-hold technique (fig. 36). Other explanations could be small differ-
ences in the cardiac phase or small slice gaps occurring due to the acquisition
in different breathing states in IR-CRISPI images. Inter-reader variation of
the contrast ratings regarding IR-CRISPI was found to be high with mean
differences of 1.71 between LGE and myocardium and 2.43 between LGE and
blood (reference: 0.63 LGE/myoc. and 0.50 LGE/blood). Apart from the
different imaging characteristics due to choice of MR-sequence, one aspect
leading to this could be the option to view multiple TI-contrasts per patient
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and slice, which was exploited explicitly. As physicians are typically not sup-
plied with this option and dynamic results offer more depth to review the
data, deviations in handling the TI-contrast setting are to be expected. Fur-
thermore, a learning effect could improve long-term performance of working
with IR-CRISPI. The dynamic fashion of the IR-CRISPI’s LGE represen-
tation as stack of consecutive images also turned out to be advantageous
by indicating if a depicted anomaly represents a residual artifact or an ac-
tual medical finding by either consistent or random anomaly appearance. In
general, the shortened acquisition time and IR-CRISPI’s implementation as
spoiled gradient echo mean a decrease in SNR compared with the standard
bSSFP acquisitions.33 ,38

Despite these observed deviations, benefits and disadvantages between
the two LGE acquisition techniques seem to complement one another, as the
mean quality rating for IR-CRISPI is 2.80 and for the breath-hold technique
it is 2.85. Furthermore, both readers independently determined the trans-
muralities to be equal for the two techniques regarding the nine patients, for
whom they agreed on LGE existence. Within the limits of the conducted
study, this strongly indicates that both presented LGE imaging techniques
lead to assessments of equivalently severe tissue affectation. Additionally,
the difference in the ratings between the two readers amounted to only one
out of five scale points, which suggests a small inter-reader disagreement for
that matter. This is also reflected in the similar confidence the readers had
regarding their assessment using the respective technique (average of 3.55 for
IR-CRISPI and 3.60 for the breath-hold technique). Based on this consis-
tency, moving towards clinical studies, which allow statistically meaningful
statements, stands to reason. Not included in the study, but also present,
are patients completely unable to hold their breath. While a medical MR
exam in this setting was rescheduled or not possible at all, IR-CRISPI could
have served as an adequate alternative for these patients.

Development in the field of MR imaging causes the gap of spatial and
temporal resolutions between segmented and real-time techniques to become
smaller or even to vanish.51 ,57 Other current research already proposes real-
time acquisition for LGE assessment.55 The combination of magnetization
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recovery with cine imaging is also an idea that was realized previously.2 ,19

Related research was able to improve basic compressed sensing by incorpo-
rating motion correction into the reconstruction algorithm. This represents a
mix of the core elements used in the MOCO-MAP and the IR-CRISPI recon-
structions.49 Regarding sampling schemes, the step towards non-continuous
sampling in form of a sampling scheme called sparse sampling could be per-
formed. This benefits the reconstruction using separation into low-rank and
sparse part, similar to this work, leading to high spatial and temporal reso-
lution.8 Unique in IR-CRISPI is the combined measurement for functional
and LGE assessment using low-rank plus sparse reconstruction and spiral
acquisition. This enables better coverage of the outer k-space, while no
post-correction is needed because of the application of the GSTF-based pre-
emphasis (1.3.5). IR-CRISPI’s echo time of 0.84 ms additionally helps to
reduce effects caused by the relaxation T ∗

2 .
Through-plane motion is a subject which still has to be addressed in future

studies. To deal with possible errors in volume segmentations or missing
details because of a slice shift, either negligibility of respiratory though-plane
motion has to be proven or corrections like respiratory gating24 or techniques
that take the third dimension into account16 have to be integrated into the
IR-CRISPI measurement protocol.

To give a prospect, the advantages of IR-CRISPI might suggest a broader
medical indication for the cardiac exam other than just for patients with dif-
ficulties to hold their breath. Significant exam time savings have an economic
impact and promote the use of real-time protocols like IR-CRISPI, provided
that the quality can be maintained. Future studies might also consider the
option of imaging contrast agent wash in and wash out dynamics via IR-
CRISPI, as this becomes more accessible for the CMR standard exam due
to the shortened time increment between measurements. It might allow to
explore a source of new diagnostic information.56
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6 Conclusion

The method of MOCO-MAP could successfully be implemented, and its fea-
sibility was shown. Compared with Cartesian MR measurement protocols, it
exhibits high sampling efficiency. However, a susceptibility to reconstruction
flaws was shown. The likelihood of introducing errors via image registration
is considerably increased when applied in iterative algorithms as well as for
image series with constantly changing image contrast.

IR-CRISPI, however, resembles a way of learning from the challenges oc-
curring in MOCO-MAP. Via IR-CRISPI an acceleration of the cardiovascu-
lar MR exam in the order of magnitude of 10-fold can be achieved, potential
diagnostic information can be gained if used in addition to the standard
exam for any patient. If the patient experiences problems to hold his or
her breath, results acquired via IR-CRISPI are likely to reach higher quality
than via conventional exam. The presented results in this work are not only
promising, but already turned out to deliver a second source of information
to support the results of the standard exam for the patients that agreed to
take part in the IR-CRISPI study. Access to the IR-CRISPI images was
proactively requested by the examining physicist, when the finding appeared
to be ambiguous.

In this work, the potential and difficulties of new MR acquisition pro-
tocols have been shown. The need for improvement in the field of LGE
imaging should be recognized, too. Although IR-CRISPI and the standard
exam presented as reference have their distinct advantages, medical findings
originating by just one of these methods should not be seen as an absolutely
secure foundation for a diagnosis. With their ratings regarding LGE images
described in 4.2.2, the physicians revealed that neither IR-CRISPI (mean
rated image quality of 2.80) nor the actually practiced standard exam (rated
with 2.85) delivers results that reach the limit of being “rather high" qual-
ity (3.0), which means they are far from being high quality (score of 4.0).
Until a satisfactory standard using a single CMR imaging technique will be
established, using both, real-time techniques and segmented acquisition, or
inclusion of another exam modality, have to be considered.
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This work aims to share aspects of how to enhance diagnostic value in
cardiovascular MR. At this point there should be no doubt that further de-
velopment of IR-CRISPI or similar MR measurement protocols and their
introduction to the daily medical routine would mean a step forward in the
field of radiology.
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7 Summary

This work deals with the acceleration of cardiovascular MRI for the assess-
ment of functional information in steady-state contrast and for viability as-
sessment during the inversion recovery of the magnetization. Two approaches
are introduced and discussed in detail. MOCO-MAP uses an exponential
model to recover dynamic image data, IR-CRISPI, with its low-rank plus
sparse reconstruction, is related to compressed sensing.

MOCO-MAP is a successor to model-based acceleration of parameter-
mapping (MAP) for the application in the myocardial region. To this end, it
was augmented with a motion correction (MOCO) step to allow exponential
fitting the signal of a still object in temporal direction. Iteratively, this
introduction of prior physical knowledge together with the enforcement of
consistency with the measured data can be used to reconstruct an image
series from distinctly shorter sampling time than the standard exam (< 3 s
opposed to about 10 s). Results show feasibility of the method as well as
detectability of delayed enhancement in the myocardium, but also significant
discrepancies when imaging cardiac function and artifacts caused already by
minor inaccuracy of the motion correction.

IR-CRISPI was developed from CRISPI, which is a real-time protocol
specifically designed for functional evaluation of image data in steady-state
contrast. With a reconstruction based on the separate calculation of low-rank
and sparse part, it employs a softer constraint than the strict exponential
model, which was possible due to sufficient temporal sampling density via
spiral acquisition. The low-rank plus sparse reconstruction is fit for the use on
dynamic and on inversion recovery data. Thus, motion correction is rendered
unnecessary with it.

IR-CRISPI was equipped with noise suppression via spatial wavelet fil-
tering. A study comprising 10 patients with cardiac disease show medical
applicability. A comparison with performed traditional reference exams offer
insight into diagnostic benefits. Especially regarding patients with difficulty
to hold their breath, the real-time manner of the IR-CRISPI acquisition pro-
vides a valuable alternative and an increase in robustness.

68



In conclusion, especially with IR-CRISPI in free breathing, a major accel-
eration of the cardiovascular MR exam could be realized. In an acquisition
of less than 100 s, it not only includes the information of two traditional
protocols (cine and LGE), which take up more than 9.6 min, but also allows
adjustment of TI in retrospect and yields lower artifact level with similar
image quality.

8 Zusammenfassung

Diese Arbeit behandelt die Beschleunigung der kardiovaskulären MRT zum
Erfassen funktioneller Information bei Steady-State-Kontrast und zur Unter-
suchung der Vitalität bei Wiederherstellung der Magnetisierung nach ihrer
Inversion. Zwei Ansätze werden eingeführt und im Detail diskutiert: MOCO-
MAP, welches ein exponentielles Modell nutzt, um dynamische Daten zu
rekonstruieren, und IR-CRISPI, welches mit seinem “low-rank plus sparse"-
Algorithmus mit Compressed Sensing verwandt ist.

MOCO-MAP ist der Nachfolger der modellbasierten Beschleunigung des
Parameter-Mappings (MAP) für die Anwendung im Bereich des Myokards.
Hierzu wurde es mit einer Bewegungskorrektur (MOCO) versehen, um expo-
nentielles Fitten eines unbewegten Objects in Zeitrichtung zu ermöglichen.
Das Einbringen dieses physikalischen Vorwissens zusammen mit dem Erzwin-
gen von Konsistenz mit den Messdaten wird dazu genutzt, iterativ eine
Bildfolge aus Daten einer deutlich kürzeren Messung als herkömmlich zu
rekonstruieren (< 3 s gegenüber ca. 10 s). Die Ergebnisse zeigen die Umsetz-
barkeit der Methode sowie die Nachweisbarkeit von Delayed Enhancements
im Myokard, aber deutliche funktionelle Abweichungen und Artefakte bereits
aufgrund von kleinen Ungenauigkeiten der Bewegungskorrektur.

IR-CRISPI geht aus CRISPI hervor, welches zur Auswertung von funk-
tionellen Echtzeitdaten bei konstantem Kontrast dient. Mit der Rekon-
struktion durch getrennte Berechnung von niedrigrangigem und dünnbe-
setztem Matrixanteil wird hier bei der Datenrekonstruktion weniger stark
eingeschränkt als bei einem strikten exponentiellen Modell. Die spirale Auf-
nahmeweise erlaubt hierzu ausreichend effiziente k-Raumabdeckung. Die
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“low-rank plus sparse"-Rekonstruktion ist kompatibel mit dynamischen und
mit Inversion-Recovery-Daten. Eine Bewegungskorrektur ist folglich nicht
nötig.

IR-CRISPI wurde mit einer Rauschunterdrückung durch räumliche Wavelet-
Filterung versehen. Eine Studie, die 10 Patienten einschließt, zeigt die
Eignung für die medizinische Anwendung. Der Vergleich mit herkömm-
lichen Aufnahmetechniken lässt auf den gewonnenen diagnostischen Nutzen
schließen. Besonders für Patienten, die Schwierigkeiten mit dem Luftanhal-
ten haben, eröffnet diese Echtzeitaufnahmemethode eine wertvolle Alterna-
tive und erhöhte Stabilität.

Am Ende konnte gerade mittels IR-CRISPI eine bemerkenswerte Beschleu-
nigung der kardiovaskulären MR-Untersuchung verwirklicht werden. Trotz
der kurzen Aufnahmezeit von weniger als 100 s für den kompletten linken Ven-
trikel schließt es nicht nur die Information zweier herkömmlicher Protokolle
mit ein (Cine und LGE), die zusammen mehr als 9,6 min dauern, sondern es
erlaubt zusätzlich auch das Einstellen der TI-Zeit im Nachhinein und liefert
Ergebnisse mit geringerem Artefaktlevel bei ähnlicher Bildqualität.
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