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Purpose: To allow for T1 mapping of the myocardium within 2.3 s for a 2D slice
utilizing cardiac motion-corrected, model-based image reconstruction.
Methods: Golden radial data acquisition is continuously carried out for 2.3 s
after an inversion pulse. In a first step, dynamic images are reconstructed which
show both contrast changes due to T1 recovery and anatomical changes due to
the heartbeat. An image registration algorithm with a signal model for T1 recov-
ery is applied to estimate non-rigid cardiac motion. In a second step, estimated
motion fields are applied during an iterative model-based T1 reconstruction. The
approach was evaluated in numerical simulations, phantom experiments and in
in-vivo scans in healthy volunteers.

Results: The accuracy of cardiac motion estimation was shown in numerical
simulations with an average motion field error of 0.7 £ 0.6 mm for a motion
amplitude of 5.1 mm. The accuracy of T1 estimation was demonstrated in phan-
tom experiments, with no significant difference (p=0.13) in T1 estimated by
the proposed approach compared to an inversion-recovery reference method. In
vivo, the proposed approach yielded 1.3 x 1.3 mm T1 maps with no significant
difference (p =0.77) in T1 and SDs in comparison to a cardiac-gated approach
requiring 16 s scan time (i.e., seven times longer than the proposed approach).
Cardiac motion correction improved the precision of T1 maps, shown by a 40%
reduced SD.

Conclusion: We have presented an approach that provides T1 maps of
the myocardium in 2.3s by utilizing both cardiac motion correction and
model-based T1 reconstruction.
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1 | INTRODUCTION

MRI is an important imaging modality for the detection
of cardiac diseases. In the past years, quantitative imag-
ing methods have become more important because they
allow more reliable therapeutic decision-making. Quanti-
tative imaging can help to identify pathologies affecting a
whole organ or structure (i.e., diffuse pathologies) because
no healthy reference tissue needs to be present in the
image.! Cardiac MRI parameter mapping, such as T1 map-
ping, showed promising results for the detection of a wide
range of cardiomyopathies and furthermore, it allows for
classification of these diseases.??

Commonly, for T1 mapping, images at different time
points after an inversion or saturation pulse are acquired
and reconstructed and in a second step, a physical model
is fitted to the data to calculate the quantitative T1 maps.*
Model-based image reconstruction has been proposed for
T1 mapping, which combines both steps and utilizes the
physical model as prior knowledge during image recon-
struction for data acquired with high undersampling fac-
tors to ensure robust estimation of T1-times of the brain®
and the myocardium.®

A major challenge of cardiac T1 mapping is motion
due to the beating of the heart. A common approach to
minimize cardiac motion artifacts is to apply cardiac gat-
ing. Nevertheless, this is very inefficient because usually
only 15%-20% of the total scan time is used to obtain
the required data, limiting the spatial resolution of the
images and the ability to visualize small lesions. This limits
the clinical use of parameter mapping. Several approaches
have been proposed that reduce the required amount of
data for T1 mapping to achieve scan times of 4 s per slice.”3
A further reduction in scan time is desirable to increase
the number of slices to be obtained in a single breath-
hold and hence increase the coverage of the heart while
maintaining a sufficient in-plane resolution to detect small
features.

To increase the scan efficiency in parameter mapping,
motion-resolved T1 mapping has been proposed but it still
requires scan times of 17-23s.” Cardiac motion-corrected
T1 mapping on the other hand yielded a five times higher
scan efficiency and two times shorter scan times com-
pared to gated T1 mapping methods.!® Here, standard
non-Cartesian image reconstruction was applied, and fit-
ting of the image data was performed as a post-processing
step. For cardiac motion estimation, cine images with con-
stant contrast over all cardiac phases were reconstructed.
The estimated motion fields were then applied prior to T1
mapping. With this increased scan efficiency, scan time
could be reduced by 50% compared to standard cardiac gat-
ing yielding a 2D T1 map in 8 s. A further decrease in scan
time is challenging because not enough data are available
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to reconstruct cine images with a constant contrast over
all cardiac phases and therefore accurate cardiac motion
estimation cannot be guaranteed.

Previous studies on motion correction (MoCo) for T1
mapping have overcome the challenge of contrast changes
due to T1 recovery by estimating contrast changes in
addition to motion,! using image segmentation,'? using
a generic model such as principle component analysis
to separate motion and contrast changes!® or by using
the signal model of T1 recovery during image regis-
tration.'*> For the latter, image registration is carried
out between reconstructed images and synthetic images
predicted based on, for example, a T1 map. The syn-
thetic images show the same contrast behavior as the
reconstructed images but are all in the same reference
motion phase. Therefore, this synthetic image registra-
tion approach can accurately estimate motion without
being impaired by contrast changes. Nevertheless, this has
so far mainly been applied to aligning images acquired
with cardiac triggering and not for cardiac MoCo or
model-based image reconstruction (MAP). Motion and T1
estimation have also been combined in a single optimiza-
tion problem.!® Nevertheless, this leads to a complex and
often ill-posed problem which is difficult to solve and is so
far limited to rigid motion for T1 mapping in the brain.

In this study, cardiac motion is estimated using syn-
thetic image registration and applied during MAP in order
to achieve 2D high-resolution T1 mapping in 2.3s per
slice. Motion-corrected image reconstruction!’ is com-
bined with the previously proposed MAP approach’® to
allow for cardiac motion-corrected MAP. Accurate motion
estimation was shown for native T1 mapping in a numer-
ical simulation, T1 times were evaluated in a T1 phantom
and a feasibility study was performed with a group of 10
healthy subjects by comparison of the proposed approach
to model-based reconstruction without MoCo.

2 | METHODS

An overview of data acquisition, motion estimation,
and MoCo is shown in Figure 1. The method consists
of three main steps. In a first step, a dynamic image
Lnotion With a high temporal resolution is reconstructed
to resolve cardiac motion. A preliminary diastolic T1
map (T1pr-dic) is obtained using only images acquired
within a pre-defined diastolic window to ensure all data
is in the same cardiac phase. In a second step, T1pre—dia
is used to create synthetic images (Ig,—dio) Which show
the same contrast behavior as I,,.i,, but without car-
diac motion. Non-rigid motion estimation is then carried
out between the dynamic image Io0, and the synthetic
images to estimate cardiac motion. Non-rigid MoCo can
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FIGURE 1 Overview of proposed cardiac motion estimation.

(A) Golden angle (GA) radial data are acquired continuously for

2.3 s after an inversion pulse (180°). (B) A preliminary T1 map
(T1pre-qia) is Obtained from images reconstructed from data obtained
within a pre-define diastolic window (w in (A)). (C) Based on
T1pre-diar Synthetic images (Igyn.gia) are calculated which show the
same contrasts as the acquired images (Ijot0n) but without cardiac
motion. Inegion is then registered to the corresponding Iy, gia to
estimate cardiac motion. (D) The acquired data (GA) and the
obtained non-rigid motion fields (M) are then used in a
motion-corrected MAP (mcirMAP) to obtain the final T1 maps

(Tlmcir)-

either be carried out after image reconstruction using
a reconstruct-transform-average (RTA) approach or dur-
ing image reconstruction using motion-corrected image
reconstruction (mcir).!” For mcir, a motion-corrected
reconstruction is carried out at each iteration of MAP
rather than transforming once the images after image
reconstruction.

In a third and final step of the approach, the
estimated cardiac motion fields (M) are then applied in
a motion-corrected MAP reconstruction (mcirMAP) to
obtain the final T1 map (T1cir).

These steps are explained in more detail in the follow-
ing. For simplicity, we will focus on the T1 map. Never-
theless, for all parameter estimations, a three-parameter
model is used yielding T1, the equilibrium magnetisation
My and the apparent flip angle a.

2.1 | Dataacquisition

Data were acquired continuously using an RF-spoiled
gradient echo sequence with a radial trajectory. A golden
angle (111.25°) was chosen between adjacent lines and
global inversion pulses were applied as described in®
(Figure 1A). 2D slices were measured with the following
scan parameter: flip angle: 5°, TE: 2.03 ms, TR: 4.93 ms,
FOV: 320 x 320 mm? with two-fold oversampling in radial
direction, spatial resolution: 1.3 x1.3 x8.0mm3. The
beginning of data acquisition was triggered to mid-diastole
to allow estimation of My and thus T1 in a diastolic window
and the electrocardiogram (ECG) was recorded during the
scan. Only the beginning of the scan was triggered and the
rest of the data acquisition was carried out continuously
without further triggering.

We compared the proposed cardiac mcirMAP to the
previously proposed cardiac-gated MAP (16 s MAP) that
serves as reference [6]. Therefore, data acquisition was car-
ried out for 16s per slice with an inversion pulse applied
every 2.3 s. For the 16 s MAP, diastolic phases of the whole
16 s acquisition were used. For mcirMAP, only the first
2.3s(i.e., data acquired after the first inversion pulse) were
utilized.

2.2 | Signal model

The MR signal after the n-th RF pulse of the continu-
ous data acquisition can be described by the transient
magnetisation M, '8:

n
My = Myss + (M — M) (COS ae_%> ¢Y)

with the flip angle «, the repetition time TR and the
steady-state magnetisation M:

1 — e TR/T1

My = My———————
1 — cosae~TR/T1

()

After an inversion pulse the starting magnetisation M;
is assumed to be —M,. By introducing the effective T1
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relaxation time T1%*:

7y R— 3)
— —Incosa
T1
and Eq. (1) can be written as:
_nTR
My = Mygs — (Mo + Myg) e (4)

Therefore, we can use a three-parameter model (T1,
My, @) to describe the signal behavior of the continuous
data acquisition after the inversion pulse.

23 |
image

Reconstruction of the dynamic

To estimate cardiac motion, the acquired golden radial
data (K) is split into different time frames, each with 16
radial lines, leading to a temporal resolution of 80 ms. A
sliding window approach with a 50% overlap (8 radial
lines) was used. The dynamic image I,,sion iS reconstructed
using iterative image reconstruction with total variation
regularization along space and time!%%:

Imotion = argmin||AI — K||5 + A | Tl |l + A NI TN, (5)
I

where A is the acquisition model describing the effects
of phase-array receiver coils, Fourier transformation and
k-space sampling. A NUFFT-based approach was used
for the non-Cartesian Fourier transformation.?! T, and T;
describe the spatial and temporal total variation operator,
respectively. I is a 1D image vector of length N * N * Ngyp,
where N is the number of voxels along one spatial image
dimension and Ngy, describes the number of images in
Lnotion at different time points.

Lnotion Show contrast changes due to T1 recovery and
anatomical changes due to cardiac motion. A preliminary
T1 map T1,._g, is estimated by applying an image-based
fit only to Ljeion acquired in mid-diastole (Figure 1B). For
this, an acquisition window w is defined for a mid-diastolic
phase, and only images within w are utilized to estimate
T1pre-dia- Based on T1,._gie, a synthetic data set Iy,_giq
is created which has the same contrast changes as Iorion,
but with all images in the same cardiac reference phase
(i.e., mid-diastole) to ensure that cardiac motion estima-
tion is not affected by the contrast changes. Both Ig,;_giq
and Ierion Show the same contrast behavior but only Iyosi0n
also shows cardiac motion with respect to the mid-diastolic
phase.

The quality of T1p._4i; depends strongly on how
much data is available within w and is therefore depen-
dent on the heart rate (HR). In order to ensure robust

. . o o 1089
Magnetic Resonance in MedlcmeJ—

motion estimation even for high HR, the above steps
of image selection within w, calculation of T1p.—g4ic and
motion estimation are repeated three times with increas-
ing w. The length of w is calculated based on the heart
rate (HR), e.g., for 80 bpm w = [183 ms, 221 ms, 259 ms].
For iterations 2 and 3, the motion fields of the car-
diac phases M), determined in the previous iteration,
is applied to Iyouon for the estimation of T1,._gia to
ensure T1p._giq is estimated in the reference motion phase
without motion artifacts. Therefore, in the first iteration
T1pre—dia is estimated from all images of Ioion Which
are within w using an image-based fit. In the following
iteration, w is increased and Ip;oi0n0M, is used for the
image-based fit.

The calculation of systolic (Tsys) and diastolic (Tgia)
times in ms is dependent on HR and is carried out based
on?%:

Tsys = 546 ms — 2.1 HR and Tdia = 60000 mS/HR - Tsys- (6)

These times are then used to calculate the position of
w such that data in mid-diastole is included.

T1pre—dia is a first estimate of T1 to generate I,_giq,
but it does not have sufficient quality for diagnostic pur-
poses, since it is estimated using only a small part of the
available data and thus requiring strong regularization.
The regularized reconstruction in Eq. (5) strongly reduces
undersampling artifacts, but it will impair the visualiza-
tion of small features. These small features will not impact
cardiac motion estimation but might have high diagnos-
tic importance. Therefore, T1,r.—4iq is not used as the final
diagnostic T1 map, but in a second step mcirMAP is car-
ried out to obtain a T1 map which is not impaired by this
regularization.

24 | Non-rigid cardiac motion
estimation

A non-rigid motion estimation approach is used to
estimate cardiac motion by comparing Ierion to the cor-
responding (i.e., same contrast) Ig,_gi,, because varying
contrast precludes naive cardiac binning. One challenge
here is that, although the contrast in Isyn_gic and Inoion iS
the same, there can still be images where there is poor con-
trast between important cardiac features (e.g., blood pool
and myocardium having the same signal intensity) which
would not allow for cardiac motion estimation using this
intensity-based motion estimation approach. Here we are
utilizing the fact that more than one cardiac cycle is cov-
ered by our acquisition. Therefore, image registration is
not just carried out pairwise, but a motion field M, for
a certain cardiac phase p is estimated by registering all
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image pairs Ign_gic and Iyeron across multiple heartbeats,
which are in cardiac phase p. Even if one image pair has
poor image contrast (e.g., first image pair in Figure 1C for
M), it is very likely that another image pair (e.g., second
image pair in Figure 1C for M;) shows sufficient contrast
between blood and myocardium for accurate motion esti-
mation. A spline-based registration algorithm?? is used to
estimate the non-rigid cardiac motion

M, = argmln (Z S (Lo 17 oM ) + yR(M)) (7

jointly across multiple heartbeats, where the index n
describes all images which are in cardiac phase p. S
calculates the difference between the reference images I,
and the images I} . transformed by M and is based on
normalized mutual information. Mutual information was
chosen to ensure robust motion estimation even in the case
of residual contrast differences between Ig,, and I . .
The regularization R ensures smooth motion fields in the
presence of undersampling artifactsinI7, . by penalizing
the bending energy of the splines. We used MIRTK with
a spline distance of 8 and a bending energy penalty with
y =104,

2.5 | Motion-corrected MAP
reconstruction

After non-rigid cardiac motion estimation, the raw k-space
data K and M, are included in the mcirMAP approach
to estimate the final T1 map (T1p.). A flowchart of
mcirMAP is depicted in Figure 2.

In a first step, the radial k-space data K is separated
into multiple time frames c describing the contrast changes
during T1 recovery. Because the MoCo is included in the
image reconstruction, the number of radial lines for each
¢ can be defined independently of the temporal resolution
of Iyoion- In a second step, the radial lines in each c are
further separated into different cardiac phases p. Because
each time frame d only covers a small fraction of a cardiac
cycle, there can be many combinations of (c, p) which do
not have any data. This yields the k-space data Kacz) which
is then interpolated to a Cartesian grid using a kernel based
on.*

In each iteration i, the following steps are carried out:

« Reconstruct images I from K(“ccg) using FFT.

« Transform all cardiac phases to a reference phase and
sum over cardiac phase dimensions: I. = Y I(c oM,
P

« Carry out three-parameter fit and estimate (T'1, My, a);

Split data into contrast (c)
and cardiac motion state (p)

]zar‘q *

cp) ¢ |

Reconstruct Substitute acquired data
images (data consistency)

liep) b KL

(e:p)
Transform images to Transform to
reference cardiac phase

k-space
Liep) o M, *

T [pred
Summation along Transform images to
cardiac dimension

all cardiac phase
I

pred
I
Fit 3-parameter model

Predict image data based
on model parameters

| }

(T, My, v);

FIGURE 2
approach. T1 maps are reconstructed iteratively. One iteration i

Flowchart of the proposed motion-corrected MAP

consists of the reconstruction of images at different cardiac motion
states and contrasts, MoCo using the motion fields M, T1
estimation, and prediction of image data based on the fitting results.
The predicted images are transformed to k-space and the originally
acquired data is substituted into the k-space for data consistency.
This adapted k-space is the input for the following iteration.

« Calculate the image representation I based on
(Tl’ MO’ a)i
« Transform I’"* using the inverse motion fields to obtain
pred
I(c D)’
« Calculate the k-space representation Ké’c r;‘)i of If’c r;‘)i

« Ensure data consistency by substituting all acquired

k-space data in Kp red ) with Kfccg)

The above iterations are carried out for a fixed num-
ber of iterations until the parameter estimation has con-
verged. In this study, the number of iterations was cho-
sen empirically as 24 and the number of radial lines in
each ¢ was chosen to be 34. This approach is similar to
the motion-corrected image reconstruction proposed by
Batchelor et al. and applied to a wide range of different
qualitative MRI approaches.!”-?-?7 Cardiac MoCo and T1
mapping are therefore separated and can be individually
optimized. This is not the case for approaches that carry
out motion estimation and correction directly on I..

The proposed motion estimation and correction
scheme can only correct for in-plane motion. Especially
during peak systole, the contraction of the heart can lead
to strong through-plane motion. To ensure this does not
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impair the accuracy of the T1 estimation, data acquired
during 30% of the systole (calculated based on Eq. 6 and??)
were excluded in mcirMAP.

2.6 | Simulation

The numerical phantom was based on the XCAT anatom-
ical and cardiac motion model.?® An acquisition of a
short-axis slice in a subject with an HR of 50, 80, and
100 bpm was simulated similarly to.?° T1 times were set to
1250 ms for myocardium and other soft tissue, 1800 ms for
blood and 300 ms for fat tissue. M, for bone was set to 0
and for lung, it was set to 1% of the M, of myocardium.
An ECG signal recorded during an in vivo scan (HR:
80 bpm) was used to determine which radial line has been
acquired in which cardiac phase. The amplitudes of the
cardiac motion were chosen as provided by the cardiac
motion model of XCAT. All acquisition parameters (spatial
resolution, FOV, TE, TR, flip angle) were chosen identi-
cally to the in-vivo scans. Coil sensitivity maps were taken
from an in-vivo scan and reorientated to fit the numeri-
cal phantom. A Gaussian smoothing filter with a width of
0.5 pixel was applied in image space to take partial vol-
ume effects into account during the forward simulation.
Complex Gaussian noise with ¢ of 1073 * maximum of
the k-space was added to the simulated k-space data. As
reference, a simulation without cardiac motion was also
carried out and reconstructed using 16 s MAP. In addition
to comparing the obtained T1 maps, the numerical simula-
tion also allowed for the evaluation of the obtained cardiac
motion fields and the impact of underestimated motion
fields on the resulting T1 map. For this, the motion field
was reduced to 80%, 60%, 40% and 20% of the ground-truth
motion field.

2.7 | Experiments

Three different experiments were performed to test the
proposed approach: a numerical phantom analysis for
evaluation of motion estimation, T1 mapping in a static
T1 phantom for T1 mapping accuracy, and an in vivo
study to test the feasibility of the approach. For all exper-
iments the following image reconstructions were carried
out:

» 16s MAP: Reference method using MAP reconstruction
as proposed in reference®. Full diastolic data over the
course of the 16 s scan was used. A window of 150 ms
in mid-diastole was selected in each cardiac cycle to
minimize motion artifacts.

. . o o 1091
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» 8s MoCo: Method using image-based MoCo and no
model-based reconstruction as proposed in reference!®.
The first 8 s of the acquired data was used and 30% of
the systole was excluded.

o 2sMAP: MAP reconstruction of the first 2.3 s of the data
acquisition. Data acquired during 30% of the systole
were excluded. No cardiac MoCo was carried out.

« 2s mcirMAP: Proposed cardiac motion-corrected MAP
reconstruction of the first 2.3 s of the data acquisition.
Data acquired during 30% of the systole were excluded.

In the numerical simulation, MAP reconstruction was
also carried out using all the data from the 2.3 s acquisition
without excluding systole (2s MAP ungated). Data acquisi-
tion was carried out on a 3T (Verio, Siemens Healthineers,
Erlangen, Germany). All image reconstruction was carried
out using Python.

To evaluate T1 mapping accuracy, the approach was
applied to a static T1 phantom with nine tubes with
T1 times between 255ms and 1900ms.® The same
ECG signal used for the numerical simulation was also
applied here with an HR of 50bpm and 80 bpm. As ref-
erence, T1 times were obtained by inversion-recovery
spin echo (IR-SE) sequence with seven TIs between 25
and 4800ms (TE: 12ms, TR: 8000 ms, spatial resolu-
tion: 1.3 x1.3x 8 mm?> and FOV: 130 x 160 mm?). A two-
parameter fit was performed voxel-wise to estimate refer-
ence T1 times and M,. For accuracy estimation, T1 times
of IR-SE reference and our approach were averaged over
a region-of-interest manually selected in the nine tubes.
Pearson’s linear correlation was obtained between the two
methods and differences were tested by a paired t-test.

In vivo measurements were performed in a group of
10 healthy subjects (4 females/6 males, age: 32+ 8y). The
study was approved by the institutional ethics commit-
tee and subjects gave written informed consent before
the measurement. The 2D short-axis slices in the mid-
ventricular myocardium were acquired. For comparison,
a 3(3)3(3)5 MOLLI measurement was applied with a TR
of 2.7ms, TE of 1.12 ms, a FOV of 360 x 307 mm?, a spatial
resolution of 2.1 x 1.4 X 8.0 mm3, interpolated to 2.1 x 1.4
x 8.0mm?, MoCo and a flip angle of 35° in nine subjects.

In the T1 maps obtained from the numerical simula-
tion and the in vivo acquisitions, the myocardium of the
left ventricle was divided into six segments, as described
in the consensus statement of the American Heart Asso-
ciation.® Mean T1 and the SD were calculated within
each segment. In the healthy myocardium, T1 times are
expected to be constant within each segment. The SD
of each segment can therefore be seen as a measure for
the precision of the measurement. The lower the SD, the
higher the precision. Mean T1 and SD were averaged
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over the group of subjects for each segment. Differences
between 16 s MAP, 2s MAP, MOLLI, and 8 s MoCo com-
pared to the proposed 2s mcirMAP were evaluated with
a Friedman test using Dunn’s multiple comparison cor-
rection. All segmentations were performed using in-house
software in Matlab 2016b and GraphPad Prism 8 was used
for statistical analysis.

3 | RESULTS

Compared to the 16 s MAP reference method, where only
150 ms of each cardiac cycle were used to minimize car-
diac motion artifacts, scan efficiency was increased from

16.8% + 2.9% for the 16 s MAP approach to 86.5% + 3.3%
with the proposed cardiac MoCo. With this increased effi-
ciency, T1 mapping within 2.3s was possible, reducing
the overall scan time by a factor of 7. Figure 3 shows the
results of the numerical simulations for 80 bpm. The esti-
mated motion vector fields (M) were well aligned to the
ground truth motion vector fields (M) obtained from the
XCAT simulation (Figure 3A). A perfect alignment was
not to be expected because M was calculated relative to
an image reconstructed within a mid-diastolic window w,
whereas M, was relative to end-diastole. Still, the aver-
age difference between M, and M in the myocardium
was only 0.7 + 0.6 mm for a motion amplitude of 5.1 mm
in M. The estimated T1 maps with and without MoCo

(A)

Reference

(®)

Difference

(D)

Difference

FIGURE 3

2s MAP ungated

(B) 2000 y
'. r
M
£
— I | .
o £
500

2s MAP 2s mcirMAP

Results of the numerical simulations. (A) Estimated (red) and ground truth (blue) motion fields for selected cardiac phases
with large motion amplitude. (B) Estimated T1 maps estimated without motion (Reference), using all data (2s MAP ungated), without 30% of

systolic time frames (2 s MAP) and using the proposed motion-corrected MAP approach, without 30% of systolic time frames (2 s mcirMAP).
(C) Pixel-wise difference to the reconstructed motion-free reference image. (D) Bull’s eye plot showing differences from the reconstructed

reference image.
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and their difference from the reference T1 map are shown
in Figure 3B, C. The difference as a bull’s eye plot is also
given in Figure 3D. Cardiac motion led to errors in T1
quantification of more than 150 ms, especially in segments
with large cardiac motion amplitudes and segments where
the myocardium borders epicardial fat and lung tissue.
Motion artifacts were strongly reduced with the proposed
mcirMAP approach. An overview of the results for an HR
of 50, 80, and 100 bpm can be found in Figure S1. The
reconstruction time for 2s mcirMAP was 110 min, com-
pared to 5 min for 2s MAP, 4 min for 16 s MAP, and 20 min
for 8 s MoCo. Simulation results using different numbers
of iterations can be found in Figure S2. Underestimation of
the motion fields led to differences in T1 estimation, which
can be found in Figure S3.

In the T1 phantom, high correlation was found
between the 2.3sT1 mapping approach and reference
IR-SE data (R>0.99, Figure 4). For the vial represent-
ing medium native myocardium, IR-SE led to a T1
time of 1220ms +14ms compared to 1215ms+65ms
and 1213 ms+ 34 ms for 16s MAP and 2s MAP, respec-
tively. For the tube representing normal native blood,
IR-SE led to a T1 time of 1900 ms + 38 ms, compared to
1978 ms + 81 ms and 2000 ms + 73 ms for 16 s MAP and 2's

IR-SE 2s MAP
2500
)
E
—
I =
(B) 2500-
W 2000
E 7
= 1500 g
o
<
= 1000
n
~
500
0 T T T 1
0 500 1000 1500 2000
IR-SE T1 (ms)
FIGURE 4 Phantom evaluation (80 bpm). (A) For all T1

times between 255 ms and 1900 ms, T1 mapping within 2.3s(2s
MAP) showed good agreement with the IR-SE reference
measurement. (B) No statistically significant differences were found
between reference IR-SE T1 mapping and 2s MAP.

MAP (all values obtained for an HR of 80 bpm). T1 times
of all vials and for HRs of 50 bpm and 80 bpm can be found
in Table S1. No significant differences were found between
the IR-SE reference and 2 s MAP (difference over all tubes:
17.98 ms + 31.93 ms, p=0.13), and a slope of 1.026, with
its confidence interval [0.98 1.069] was obtained by linear
regression.

For the in vivo measurements, the HR was varying
between 44 and 82 bpm (62 + 10 bpm). Figure 5 compares
Iimotion 10 Isyn—dic for one volunteer with an HR of 65 bpm.
T1preq in the first and third (last) iteration are also shown.
Iyn—dia Shows similar contrast behavior as Iei0n but all
images are in the same motion state.

Examples of cardiac MoCo are shown in Figure 6
for two subjects. The contrast changes due to T1 recov-
ery after the inversion pulse can be seen in the images
and also in the temporal-spatial time plot. In addition,
contraction and relaxation of the heart during - in this
case two - cardiac cycles can also be seen. After trans-
formation of these images with the estimated motion
fields, the contrast changes were still present, but the
individual images were all in the same cardiac motion
state. The transformation of Iy, Was here only car-
ried out to show the effect of the estimated motion fields
but T1 was not estimated from these images but using
mcirMAP, by integrating the motion fields M into the
image reconstruction.

Motion led to wrong T1 estimation in the myocardium
(Figure 7, subject 1) in T1 maps obtained with 2s MAP.
Furthermore, small features with large motion ampli-
tudes, such as the papillary muscles, showed more blur-
ring (Figure 7, subjects 2 and 3) compared to the 16s
MAP reference measurement. The proposed 2s mcirMAP
approach corrected for these motion artifacts and ensured
myocardial T1 estimation without significant differences
to of 16 s MAP method and small structures were as vis-
ible as in MOLLI and 8s MoCo T1 maps. A decrease in
scan time using the 8 s MoCo method yielded differences
in contrast over the cardiac phases and therefore accurate
cardiac motion estimation cannot be guaranteed, which
can be seen in Figure S4. In Figure 8, T1 times and SDs
over all subjects within the six segments are shown. In
the group of healthy subjects, no statistically significant
differences were found between 16s MAP T1 times and
T1 times obtained with the 2s mcirMAP approach (mean
T1 time over all segments and volunteers, 16s; MAP,
1251 ms + 62 ms; mcirMAP T1, 1250 ms + 50 ms; p = 0.77).
The SD for 2 s mcirMAP (median and interquartile range:
66 (24) ms) was lower compared to 16 s MAP (109 (49) ms,
p <0.0001). Compared to MOLLI, myocardial T1 values
and SDs in myocardium and blood were higher. With-
out model-based reconstruction (8 s MoCo), T1 times in
myocardium and blood were shorter, but the precision did
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(A) Dynamic image Iy,o0n reconstructed from one volunteer with an HR of 65 bpm. Four different images (Dyn 12, 16, 20,

and 24) are shown and a spatial-temporal plot along the white line indicated in image 12. T1p,,q and Iy,_gi, are shown for iteration 1 (B) and

iteration 3 (C). The brightness of the images was adapted for each time point of I,,,,;,, Separately to improve visibility. The final T1 map of this

volunteer is shown in Figure 7, subject 2.

not differ from 2s mcirMAP. Results are summarized in
Table 1.

4 | DISCUSSION

In this study, we demonstrated that 2D T1 mapping of
the myocardium is possible in 2.3s by combining MAP
and cardiac MoCo. Phantom measurements did not show
any significant differences in T1 estimation compared to
an IR-SE reference method. Numerical simulations con-
firmed the improvement achieved with cardiac MoCo. In
vivo scans showed high agreement between the proposed
2s mcirMAP and a 16s reference scan. Small structures
were as.

Motion estimation was carried out relative to a dias-
tolic reference phase. This reference phase was initially
calculated from data within a window w with a similar
size to the gating window used for 16 reference recon-
struction. Although the window w was increased during
the iterative motion estimation, the final cardiac motion
fields describe the transformation to the initial reference
phase very well because the motion estimation from the
previous iteration is already used for image-based MoCo.
In the case of an HR of 80 bpm, when w is increased from
183 ms to 221 ms, then, the cardiac motion estimated for

w =183 ms, is already used to correct the newly added data.
This can also be seen in Figure 3, where the 2s mcirMAP
shows very little difference to a motion-free late diastolic
T1 map, although the final window size w was as large as
260 ms.

Motion during peak systolic contraction is challeng-
ing to estimate because of two reasons. On the one hand,
motion velocities are very high and therefore motion is dif-
ficult to accurately resolve in the dynamic image Iosion-
In addition, through-plane motion occurs during systolic
contraction which cannot be corrected for in 2D imag-
ing. To minimize any errors due to these two effects, 30%
of systole was excluded from image reconstruction for 2 s
mcirMAP. For an HR of 80 bpm, this would correspond to
excluding data within a window of 113 ms placed around
peak systole. The value of 30% was chosen based on pre-
vious studies but could be further optimized. So far, the
systolic phases were calculated based on Eq. (6). Neverthe-
less, peak systole could also be detected directly from the
obtained motion fields.

The removal of data acquired during peak-systole,
identified for each heartbeat, is also the main reason for
triggering the beginning of the sequence to mid-diastole.
The signal right after the inversion pulse is important
to encode the equilibrium (M,) magnetisation. If the
beginning were to occur during peak-systole, this data

850807 SUOWWOD aA1e1D 3cedlidde aup Aq peusenob ale e YO ‘88N JO SejnJ 10y ArIqIT8UIIUO /8|1 UO (SUOTIPUCD-PUR-SLUIBILI0D" A8 | 1M AleIq Ul UO//:SANY) SUORIPUOD pUe Swid 1 84} 88S *[£202/20/70] U0 Ariqi]auljuo A8|IM ‘WnnueD-3oeniqpa-xelN Aq 66962 WIW/Z00T OT/I0p/L0o" A8 | ARelq1jeuljuo//Sdny Wouy papeo|umod ‘¢ ‘€202 ‘¥65222ST



KERKERING ET AL.

(A)

Dyn 36

. . o o 1095
Magnetic Resonance in MedlcmeJ—

Dyn 42

1 ] |:!!|||I|II|

6 14 36 42

(B)

(@) Dyn 7 Dyn 14

Dyn 40

R

Dyn 42

sabdidid 3.

14 4042

(D)

A

FIGURE 6

———

Qa3

(A, B) Dynamic image I,,040, reconstructed from two volunteers according to Eq. (5) showing contrast changes due to an

inversion pulse and cardiac motion. Four different images (Dyn 6, 14, 36, and 42 and Dyn 7,14, 40, and 42, respectively) are shown and a

spatial-temporal plot along the white line indicated in images Dyn 6 and 7, respectively. (B, D) Individual images after transformation to the

reference motion state with the estimated motion fields. The brightness of the images was adapted for each time point of I,,,,;,, Separately to

improve visibility.

would be discarded leading to poor estimation of M, and
also T1.

Long T1 times (>1.5s) can be properly estimated
from the 2.3 s data, without significant differences to the
16 s MAP approach or MOLLI, possibly due to the itera-
tive T1 estimation within the model-based reconstruction.
Image-based approaches, such as 8 s MoCo, however, lead
to shorter T1 times in blood which can be seen in Table 1.
The precision of the different methods was evaluated in
Figure 8, based on the SD of the different myocardial
segments. The precision of 2s mcirMAP T1 mapping is
lower compared to MOLLI. This could be caused by dif-
ferences in acquisition parameters and the post-processing
steps of the qualitative images before T1 mapping, such
as interpolation or MoCo. Further test-retest experiments
are required to confirm these results. So far, we did
not use any regularization in our mcirMAP approach.
Nevertheless, regularization of the estimated parameter

(T1, My, ) could lead to further improvements, espe-
cially in precision. In our approach, for example, TV-based
denoising could be applied to (T1, My, a); before calculat-
ing 1" similar to.®2

Figure 7 shows a small degree of blurring of 2s
mcirMAP. This is probably caused by insufficient motion
estimation. An increasing error in the motion fields is
leading to an increasing error in the final T1 map, as
shown in Figure S3. Therefore, accurate motion estima-
tion plays a crucial role. In this study, we carried out
motion estimation and T1 mapping separately to make
full use of the flexibility of continuous radial data acqui-
sition. High temporal resolution (80 ms) combined with
regularized image reconstruction was used for motion esti-
mation to ensure cardiac motion is accurately resolved.
High spatial regularization could lead to smoothing of
small details, but this impairs estimation of motion fields
to only a small extent because motion fields are smooth
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16s MAP 2s MAP

FIGURE 7

2s mcirMAP

MOLLI 8s MoCo

In vivo T1 maps of three healthy subjects. Compared to 16 s MAP (first column), 2s MAP resulted in motion artifacts

(second column). This can be seen by changes of T1 times in part of the myocardium (subject 1) or less well depiction of small and
fast-moving tissue, such as the papillary muscle (subjects 2 and 3). By integration of cardiac MoCo (2 s mcirMAP), these inaccuracies were
not present anymore (middle column) and small structures were as visible as in MOLLI and 8 s MoCo T1 maps (fourth and fifth column).

16s MAP

SD (ms)

FIGURE 8

2s mcirMAP

AR
o

8s MoCo
1300
228149 1200

Bull’s eye plots of mean T1 times and SDs obtained by the different approaches. For each segment, T1 times (first row) and

SDs (second row) were averaged over the healthy subjects and represented as mean value + SD over the subjects. The SDs given in the second

row serve as a measure of the precision of the approaches.

as well. The temporal regularization in Eq. (5) could lead
to a temporal blurring and hence underestimation of car-
diac motion. Nevertheless, in the numerical simulation,
this was not an issue and high agreement between ground
truth and estimated motion fields was achieved. In addi-
tion to the cardiac motion, the image content also changed

due to T1 recovery. These changes were much smoother
than the cardiac motion and did not impair the temporal
regularization. For MAP, reconstruction temporal resolu-
tion was reduced to 168 ms (i.e., using 34 radial lines for
each time frame) because only T1 recovery needs to be
resolved which changes much more slowly compared to
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TABLE 1 Mean T1 times and SD averaged over all healthy subjects and all segments for myocardium and blood
16s MAP 2s MAP 2's mcirMAP MOLLI 8s MoCo
Myocardium 1251+ 62 1278 + 617 1250 £ 50 1225 + 58** 1226 + 61**
(T1 mean + SD)
Myocardium 109 (49)*** 79 (41)** 66 (24) 37 (30)** 72 (29)
(SD median (IQR))
Blood 1843 +85 1847 £131 1836 +£117 1832+85 1777 £ 95*
(T1 mean + SD)
Blood 73 (24) 105 (35) 81 (31) 27 (9)*** 49 (21)
(SD median (IQR))

Note: Statistically significant difference of 16 s MAP, 2s MAP, MOLLI, and 8 s MoCo compared to the proposed 2 s mcirMAP was evaluated with a Friedman test

using Dunn’s multiple comparison correction.
"p<0.05."p<0.01. "p <0.001. All values in ms.

cardiac motion. The lower temporal resolution allowed
for T1 mapping without the need for any further regular-
ization. An even smaller number of radial lines for each
time frame could reduce any temporal blurring further
but would lead to longer reconstruction times. The num-
ber of iterations was fixed to 24 iterations to ensure robust
T1 fitting. For a low number of iterations (six), images
appeared blurry, and a higher number of iterations lead
to an increase in noise, which can be seen in Figure S2.
However, noise amplification was not high, even for 192
iterations.

Cardiac MoCo has previously been combined with
MAP,** but for late gadolinium enhancement imaging
rather than T1 mapping. In this study, cardiac motion
was estimated from a standard cine reconstruction using
data acquired at least 3.5s after an inversion pulse show-
ing little contrast changes and therefore standard motion
estimation could be applied.

The performance of the image registration depends on
the accuracy of the initial T1 map T1,. used to calcu-
late the synthetic image data. Any inaccuracies in T1,.
will lead to contrast differences between the synthetic
and dynamic image data, which might impair cardiac
motion estimation. Therefore, we used normalized mutual
information as an image similarity metric in Eq. (7) to
ensure robust motion estimation even if there are resid-
ual contrast differences. This study did not include any
subjects with irregular cardiac motion such as arrhythmia
or abnormal contraction in certain myocardial segments.
This could make accurate motion estimation more chal-
lenging and further optimization of the image registration
might be required. For severe cases, additional arrythmia
detection and rejection would need to be done, leading to
an increase in scan time. For very high HRs (i.e., 100 bpm),
errors could occur, which can be seen in Figure S1.. How-
ever, in our in-vivo measurements, T1 maps were obtained

with a broad range of HRs (44-82 bpm) and simulation do
not show differences between 50 and 80 bpm.

The signal model described in Eq. (4) assumes that
the inversion efficiency is 100% which is usually not the
case.>* This could lead to errors in T1 quantification.®
Further improvement in T1 accuracy could be achieved
by using more advanced pulses or consideration of the
inversion efficiency during T1 estimation. Furthermore,
changes in myocardial blood volume during the cardiac
cycle, through-plane motion of the heart and the flow-
ing blood could lead to errors in apparent T1. This can
partly be compensated with a lower estimate of the appar-
ent flip angle. In vivo T1 times were in a reasonable range,
although myocardial T1 times were longer compared to
MOLLI, but this is also the case in other studies3>33 .

MR multitasking has been proposed to overcome
the challenge of cardiac motion gating for T1 mapping
by utilizing the cardiac motion dimension for regular-
ization during image reconstruction and it allows for
free-breathing cardiac T1 mapping.3**° Low rank recon-
struction along the cardiac motion dimension was also
integrated in MR fingerprinting, but scan times are in
the order of 10-18s with lower spatial resolution.3®*
Model-based reconstruction was also combined with respi-
ratory motion, but scan times were 2 min and extra recov-
ery periods were implemented in the sequence, not fully
utilizing the entire scan time.*?

Each slice was obtained in a single breathhold, to
be able to obtain enough data for the 16s reference
method. Nevertheless, with the proposed approach mul-
tiple slices could be obtained in a single breathhold. For
this, the non-selective inversion pulse used would have to
be replaced with a slice-selective inversion pulse to ensure
high signal intensities and accurate parameter estimation
for all slices. In addition, we did not correct for any resid-
ual respiratory motion. All volunteers could hold their
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breath reliably. Nevertheless, for patient studies, respira-
tory motion estimation could be carried out similarly to
the proposed cardiac motion estimation using a dynamic
image with a much larger temporal footprint.?’*3 After
respiratory motion estimation, these motion fields could
be integrated into the motion-corrected image reconstruc-
tion of Eq. (5). Finally cardiac motion could be esti-
mated and then both motion types could be combined for
mcirMAP.

5 | CONCLUSION

Myocardial T1 mapping in a short 2.3 s breath hold was
achieved by integration of cardiac MoCo into iterative
MAP. Compared to MAP without MoCo, here only 14%
of the overall scan time was needed by increasing the
scan efficiency from 16.8% + 2.9% to 86.5% + 3.3% to obtain
native T1 maps, without loss in T1 estimation accuracy
using cardiac MoCo. Furthermore, an increase in precision
was shown by a 40% reduced SD.
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SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

FIGURE S1. (A) Results of the numerical simulations for
a heartrate of (A) 50 bpm, (B) 80 bpm and (C) 100 bpm,
showing T1 maps estimated without motion (Reference),
without 30% of systolic tune frames (2s MAP) and
using the proposed motion-corrected MAP approach (2s
mcirMAP) without 20% of systolic time frames. In addi-
tion, pixel-wise differences to the reference are shown.

FIGURE S2. Proposed motion-corrected MAP reconstruc-
tion (2s mcirMAP) for different numbers of iterations,
ranging from 6 to 192 for two volunteers (A) and (B).
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Blurring is visible for a low number of iterations (6).
Higher numbers of iterations lead to an increase in noise.
Here, 24 iterations were chosen, which led to robust recon-
structions.

FIGURE S3. (A) Proposed motion-corrected MAP recon-
struction (2 s mcirMAP) for different scales of motion field
amplitudes. 100% corresponds to the estimated motion
amplitude. 20% corresponds to a motion field that was
scaled by 0.2, describing an underestimation of the cardiac
motion. (B) Difference images show increasing errors with
decreasing motion amplitudes.

FIGURE S4. Cardiac motion resolved images recon-
structed for two different subjects (A and B) using the
approach described in.!° For a total scan time of 8s,
this approach yields motion-resolved images with sta-
ble contrast. Reducing the scan time to 2.3s leads to
contrast variations between different cardiac phases and,
in some cases, to a strongly reduced contrast between

blood and myocardium which does not allow for accurate
cardiac motion estimation. For better visualization, the
temporal profiles (indicated by the white line in Phase 3
and 2, respectively) are shown over three cardiac cycles.
Each cardiac cycle is resolved with 12 images.

TABLE S1. T1 times in the phantom for the IR-SE refer-
ence, 16 s MAP and 2s MAP for simulated heart rates of
50 bpm and 80 bpm. No significant differences were found
between reference and 2 s MAP for both heartrates. Values
are shown as mean + SD.
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