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Abstract
Objective. To provide three-dimensional (3D)whole-heart high-resolution isotropic cardiac T1maps
using a k-space-based through-plane super-resolution reconstruction (SRR)with rotatedmulti-slice
stacks.Approach. Due to limited SNR and cardiacmotion, often only 2DT1mapswith low through-
plane resolution (4–8mm) can be obtained. Previous approaches used SRR to calculate 3Dhigh-
resolution isotropic cardiac T1maps.However, theywere limited to the ventricles. The proposed
approach acquires rotated stacks in long-axis orientationwith high in-plane resolution but low
through-plane resolution. This results in radially overlapping stacks fromwhich high-resolution T1
maps of thewhole heart are reconstructed using a k-space-based SRR framework considering the
complete acquisitionmodel. Cardiac and residual respiratorymotion between different breath holds
is estimated and incorporated into the reconstruction. The proposed approachwas evaluated in
simulations and phantom experiments and successfully applied to ten healthy subjects.Main results.
3DT1maps of thewhole heart were obtained in the same acquisition time as previousmethods
covering only the ventricles. T1measurements were possible even for small structures, such as the
atrial wall. The proposed approach provided accurate (P> 0.4;R2> 0.99) and precise T1 values (SDof
64.32± 22.77ms in the proposed approach, 44.73± 31.9ms in the reference). The edge sharpness of
the T1mapswas increased by 6.20%and 4.73% in simulation and phantom experiments, respectively.
Contrast-to-noise ratios between the septum and blood pool increased by 14.50% in in vivo
measurements with a k-space compared to an image-space-based SRR. Significance. The proposed
approach providedwhole-heart high-resolution 1.3mm isotropic T1maps in an overall acquisition
time of approximately threeminutes. Small structures, such as the atrial and right ventricular walls,
could be visualized in the T1maps.

1. Introduction

Cardiac T1mapping provides valuable quantitative information for the diagnosis of a variety of heart diseases
(Schelbert andMessroghli 2016,Haaf et al 2017, Al-Wakeel-Marquard et al 2021).While in clinical routine
diagnostics aremore focused on the left ventricle, quantitative imaging of the right ventricular wall (Asano et al
2021) or the atrial wall (Beinart et al 2013) is also of high diagnostic value. Isotropic high-resolutionwhole-heart
coveragewould strongly improve diagnostic information aboutfibrosis in atrial walls in arrhythmic patients
(Beinart et al 2013) and improve diagnostic capability in patients with pulmonary arterial hypertension (Asano
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et al 2021). As these structures are usually very thin (Whitaker et al 2016) (between 1 and 4mm) and complexly
curved, high spatial resolution is needed.However, especially image resolution along the slice-encoding (SE)
direction is often restricted due to limited acquisition time or signal-to-noise ratio (SNR) limitations.

Super-resolution reconstruction (SRR)has been shown to improve the trade-off between acquisition time,
SNR, and spatial through-plane resolution (Plenge et al 2012a). For that, severalmulti-slice stacks with high in-
plane but low resolution (LR) along the SE direction are acquired, providing overlapping stacks of the object,
fromwhich a high-resolution (HR) volume is reconstructed. In quantitative imaging,model-based SRR
incorporates the knowledge about the signalmodel (for example T1 relaxation) and data acquisitionmodel into
the optimization. Commonly (Van Steenkiste et al 2016, Van Steenkiste et al 2017, Beirinckx et al 2020, 2022,
Hufnagel et al 2022), image-space-based SRR is used, where the LR images are reconstructed in an initial step,
then serve as a starting point for the SRR and the difference between the acquired LR dynamics and those
predicted from the SRR result isminimized. Others (Bano et al 2020, Corona et al 2021) used a k-space-based
SRR approach,minimising the difference between the acquired k-space data and the one predicted from the SRR
result. Thereby the coil sensitivitymaps and Fourier transformation (FT)were integrated into the optimization,
which improved the visualization of small structures compared to an image-space-based reconstruction.
Nevertheless, k-space-based SRRhas so far only been applied to qualitative imaging (Corona et al 2021) or
quantitative cartesian brain imaging (Bano et al 2020). In addition to limited spatial resolution, the coverage of
the entire heart is another challenge for cardiac SRR. Previous image-space-based cardiac T1mapping SRR
methods (Hufnagel et al 2022) used LR stacks in short-axis orientation (SAX), whichwere shifted to each other
to improve resolution along the SE direction but could only cover the ventricles. So far, whole-heart T1mapping
with high isotropic resolution (belowor equal to 1.5mm) is only possible with long acquisition times (>9 min)
(Milotta et al 2020, Nordio et al 2020,Qi et al 2019a, 2020,Qi et al 2019b, 2022, Phair et al 2023).

In this paper, a new k-space-based SRR approach is presented to overcome both challenges by acquiring
rotated stacks, rotating from the four-chamber orientation (4CH) over the two-chamber orientation (2CH) by
using the septum as the rotation axis. This is similar to a previously presented cinemagnetic resonance imaging
(MRI) approach using slices at differently rotated long-axis orientations for obtaining volumetric data (Bloomer
et al 2001) but using a different rotation axis. This acquisitionmode ensures that the stacks overlap and provide
information about the complete heart, especially along the LR SE direction. The proposed SRR approach is
model-based and considers the T1-relaxation signalmodel in the SRR framework. Cardiac and residual
respiratorymotion displacements are estimated and incorporated into the reconstruction. Furthermore, the
presented approach is k-space-based to enable T1mapping of even thin structures such as the atrial wall. For
this, the breath hold (BH)motion information, the cardiacmotion information, the slice profile, the coil
sensitivitymaps, the radial k-space trajectory, and the FT are incorporated into a common SRR framework.

The proposed approachwas evaluated in numerical simulations by comparing the proposed k-space-based
SRR approachwith an image-space-based SRR approach andwith a previously published (Hufnagel et al 2022)
SRR approach using shifted slices in SAXorientation. Furthermore, the proposed approachwas tested in
phantom experiments and its in vivo applicability was demonstrated in ten healthy subjects by obtaining T1-
maps of thewhole heart with an isotropic resolution of 1.3 mm in approximately threeminutes of total
acquisition time.

2.Methods

The proposedworkflow to acquirewhole-heart isotropic T1maps using k-space-based SRR is depicted in
figure 1.Multiple stacks of two-dimensional (2D) slices with high in-plane but low through-plane resolution are
acquired at different angles using a SRR acquisition schemewith rotated stacks with one stack per BH. This
results in radially overlapping stacks covering thewhole heart. The respective k-space data is then used to
reconstruct LR dynamics andT1maps, which are needed to estimate cardiac andBHalignmentmotion. The
proposed scheme is k-space-based, so the SRR is applied to the raw k-space data and, therefore, also includes
information about the k-space trajectory R, the coilmaps C and the Fourier transform F.Data consistencywas
ensured between the acquired k-space data and the k-space data resulting from the application of the acquisition
model on the SRR result. After the iterative optimization scheme of the SRR, aHR three-dimensional (3D)T1
map is obtained.

2.1. K-space-based SRR
For the proposed k-space-based SRR, the difference between the acquired k-space data y and the k-space data
predicted from applying the acquisitionmodel on the SRR volume isminimized (see equation (4)).

The acquisitionmodel thereby consists of the T1 relaxationmodel q, translational BHmotion MB,
downsampling operator A, cardiacmotionfields MC , coilmaps C , Fourier transform F , and the radial k-space
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sampling operator R. Corresponding to the Look–LockerModel (Look and Locker 1970), q describes a three-
parameter ( aM , , T0 1) signal behaviour (Deichmann andHaase 1992) for all ti ( = ¼i N0, , i and Ni being the
number of reconstructed inversion times) of the continuous data acquisition after the inversion pulse, with a
describing theflip angle of the read-out pulses, and M0 the equilibriummagnetisation:
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TR thereby describes the repetition time. The calculation of MB and MC is further explained in sub-section 2.3.
The used Fourier transformwas non-uniform (Jackson et al 1991, Keiner et al 2009).

For regularization, the parameter k weights the influence of the total variation regularization based on the
forwardfinite differences operator G and the data consistency term. The sumover all stacks s and inversion
times t (with = ¼s N1, S and = ¼t N1, , ,T with NS being the number of stacks and NT being the number of
inversion times) isminimized:
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As the LR stacks are rotated around the phase-encoding (PE) axis, shifts in the PE direction correspond to a shift
in the in-plane dimension of the LR images. Therefore, MB only includes the readout and SE direction of the
detectedmotion, while the translation in the PE direction is implemented as a preprocessing phase shift directly
applied to the acquired k-space data.

Since the non-smoothness of the L1-norm, as well as the non-linear function q, make solving problem 4
challenging, a variable splitting (Wang et al 2008, Bano et al 2020, Corona et al 2021,Hufnagel et al 2022)
approachwas used: Auxiliary variables ≔ ( )Gw qt t for all t and ≔ Gn were introduced, and these equalities were
relaxed by including two quadratic penalty terms, weighted by a and b.This yielded equation (5):

Figure 1. Schematic pipeline of the proposed approach. The datawas acquired usingmultiple receiver coils and aGolden radial
k-space trajectory. Several stacks were acquiredwith long-axis orientations rotated to each other ( )A . This results in radially
overlapping stacks with high in-plane but low through-plane resolution. Before data acquisition,multiple inversion pulseswere
applied tomake the sequence T1 sensitive. For cardiac andBHmotion estimation, LR dynamics andT1mapswere reconstructed in
an initial step and the estimatedmotion MC and MB were input for the following SRR. The SRRwas k-space-based, so the acquired
k-space data y as well as the radial k-space trajectory R, coilmaps C, Fourier transform F, andT1 relaxationmodel were part of the
acquisitionmodel. Themotion fields ensure that the output of the reconstruction is amotion-correctedHR3DT1map G
reconstructed fromk-space data fromdifferentmotion states.
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Problem5was split into three subproblems, and the solution of problem 4was approached by alternating the
minimization of the subproblems. For that, only one of the variables of the subproblemwas optimized, and the
two otherswere fixed

Fixing G and w thus led to
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Subproblem subproblem Iwas solved using the iterative algorithmproposed in (Chambolle 2004).
Fixing G and n thus led to
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Subproblem subproblem IIwas solved using a conjugate gradient approach.
Fixing w and n and updating G led to
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Since the phase difference between wt and ( )Gqt was assumed not to influence the other subproblems relevantly,
the constraint was further relaxed by ( ) =  Gw qt t , similarly toCaballero et al (2014). Subproblem
subproblem III was solved using the limited-memory Broyden–Fletcher–Goldfarb–Shanno algorithm (Liu and
Nocedal 1989).

To approach the solution of problem 4, all subproblemswere alternated three times.
For initialization of G and subproblem subproblem III, the individual slices of the LR stacks were

reconstructed using a conjugate gradient approach, a three-parameter fit (Deichmann andHaase 1992, Becker
et al 2019)was applied and combining thesemaps using the transpose of A resulted in G .0 For initialization of
subproblem subproblem I, n was set to G .0 Subproblem subproblem IIwas initialized by ( )= Gw qt t 0 . G0 for
initialization of the subproblemswas updated after every alternation.

2.2. Super-resolution acquisitionwith rotated stacks
For SRR, several LR stacks are acquired, where each stack consists ofmultiple parallel slices. The stacks are
oriented along the long axis of the heart to cover asmuch of the heart as possible with each stack. The stacks are
centred at the septum, so the septum serves as a rotation axis for all stacks. Gaps are introduced between the
slices to cover thewhole heart with every stack.

Ideally, eachHRposition gets the same amount of information from the LR stacks.However, the gaps
between the slices could lead to an inhomogeneous amount of information contribution to differentHR
positions: Regionswhere slices fromdifferent stacks overlap lead to a high amount of LR information and
regionswhere slice gaps overlap lead to little LR information. To reduce this effect, some stacks share the same
orientation as another stack but are shifted along the SE direction tofill the slice gaps.

The downsampling operator A describes the geometry between the different stacks, so the rotation and the
relationship between aHR and LR slice. This relationship is based on the excitation slice profile, calculated from
Bloch simulations of the radio frequency (RF) pulse (Pauly et al 1991, Rund et al 2018).

Every stack is acquired in a separate BH.

2.3.Motion estimation
The cardiacmotion is estimated using theMIRTKToolkit (Rueckert et al 1999) as described inKerkering et al
(2023). Themethod consists of threemain steps. Firstly, dynamic images with high temporal resolution are
reconstructed from theGolden radial acquisition scheme to capture cardiacmotion. Subsequently, a
preliminary diastolic T1map is generated using dynamics only from the diastolic phases tominimizemotion
artefacts. This preliminary T1map is of limited accuracy but sufficient to calculate synthetic dynamics that have
the sameT1-contrast characteristics as the reconstructed dynamics but for the diastolic phase only, i.e. without
any cardiacmotion. Afterwards, non-rigidmotion estimation is performed between the reconstructed and
synthetic dynamics to determine the cardiacmotion fields. This approach ensures that image registration is
consistently carried out between imageswith comparable contrast.

Spatial and temporal total variation regularization is applied to suppress undersampling artefacts (Block et al
2007). Themotion estimation is accelerated bymanually selecting a subject-specific rectangular region of
interest (ROI) covering thewhole heart. As each LR stack is acquired in a different BH, translationalmotion
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correctionwas applied to correct potentialmisalignments between the BHpositions. For that, the LRT1maps
are interpolated onto aHRgrid using AT . All LR stacks are combined into an average stack, and every stack is
registered to this average using amasked cross-correlation approach (Padfield 2012). Three iterations are used in
total, resulting in M .B

2.4. Experiments
2.4.1. General
For the data acquisition, a 3 TeslaMRI (Verio, SiemensHealthineers, Erlangen, Germany)with a 32-channel
cardiac coil was used. A non-commercial 2D radial sequencewas used and the slices were continuously acquired
using aGolden radial schemewith an acquisition time of 2.8 s per slice. This acquisition scheme allows for
retrospective image reconstructionwith different temporal and spatial resolutions. One inversion pulse per slice
was applied before data acquisition tomake the sequence T1 sensitive. The inversion pulses were slice-selective
to avoid interference between slices. The following imaging parameters were used:flip angle: 9°, TE/TR= 2.19/
5ms, 456 radial spokes per slice, field of view (FOV): 320× 320mm2. For each slice, the spokes were
equidistantly split into 27 dynamics with effective inversion times between 97.50ms and 2165.00ms. This
corresponded to an undersampling factor of approximately 14.5 per dynamic. A temporal resolution of
61.40 mswas used for the cardiacmotion estimation. The inversion timeswere the same for all LR stacks.

For SRR, 12 LR stacks consisting offive parallel slices eachwere acquiredwith an anisotropic resolution of
1.3× 1.3× 4.0mm3 and a slice gap of 14mm.Using the proposed SRR scheme, these were reconstructed to a
HRvolumewith isotropic 1.3mm resolution. Every stackwas acquired in an approximately 14 s BH, resulting in
a total acquisition time of 2.8 min, excludingwaiting times between BH. The stacks had the same positions but
were rotated (0°, 45°, 90°, 135°) around the commonPE axis. The septumwas aligned parallel to PE, so the
stacks were rotated from a 4CH to a 2CH and back to a 4CHorientation. Three stacks always shared the same
orientation andwere shifted by 6mm to one another tofill the slice gaps, reducing the effective slice gap from14
to 2 mm, as also shown infigure 2.

The presented approachwas compared to a previously presented one (Hufnagel et al 2022), with shifted SAX
stacks. For that, 12 stacks in SAXwere acquired, shifted to one another by 1.5 mmalong the SE direction. The
overall scan time, number, and duration of BHbetween this referencemethod and the proposed approachwere
identical.

As nomenclature, theHR SRR result will in the following be denoted by SRR and a LRmap by LR. The
subscript then describes the geometry of the SRR acquisition (rot for rotated or transl for translated (Hufnagel
et al 2022)), and the superscript the type of SRR reconstruction (i for image-space based (Hufnagel et al 2022) or
k for k-space-based). So, the proposedmethod yielded SRRk

rot.
For retrospective cardiacmotion estimation, an ECG signal was recorded during the acquisition. The

proposed cardiacmotion correction schemewas used for both the image-space-based and k-space-based
results.

2.4.2. Simulation
TheXCAT (Segars et al 2010)phantomwas used for simulations. Data acquisitionwith the same parameters as
the acquisitions described abovewas simulated and k-space data was generated. This allowed a reconstruction
analogously to the phantomor in vivo data, while also the ground truthHRT1mapwas available. Zero-mean
noise was added to the k-space data. Cardiacmotionwas simulated using the default XCAT settings, and
different BHpositionswere simulated by translational shifts in the range of (10.4, 5.2, 10.4)mm.This range

Figure 2. Schematic visualization of the planning of thefirst four out of 12 LR stacks. In the proposed approach, three stacks were used
per orientation, shifted by 6mmalong the SE direction. This reduced the effective slice gap from14 to 2mm.
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refers to theHR coordinate system,with the first number indicating the long-axis direction of themyocardium
and the two others indicating the short-axis directions. The simulatedmotion rangewas assumed to be half of
the amplitudemotion between end-expiration and end-inspiration, as reported by Scott et al (2009).

As SRR strongly depends on the performance of themoco (VanReeth et al 2012), two different types of
simulationswere carried out: once only cardiacmotionwas simulated and corrected, but no BHmotionwas
simulated, and once no cardiac but BHmotionwas simulated.

2.4.3. Phantom
TheT1MESphantom (Captur et al 2016)was used for phantommeasurements, consisting of nine tubes with T1
times for differentmyocardial tissues and blood.

As a reference, a scan reforth orthogonal to the axis of rotation of SRRrotwas acquired. So, the high in-plane
resolution of reforthwas in the plane towhich all LR stacks were orthogonal. Therefore, the SE direction of reforth
was parallel to the rotation axis of SRRrot. For this, the same sequence parameters were used as described in
section 2.5.1.

As a quantitative reference, an inversion recovery spin-echo reference refSEwas acquired, with the same
orientation as reforth andwith seven inversion times between 25 and 4800ms (TE/TR: 12/8000ms, FOV:
143× 160mm2, spatial resolution: 0.8× 0.8× 5mm3).

2.4.4. In vivo
To evaluate the proposed approach in vivo, datawas obtained from ten healthy subjects (7males, and 3 females,
aged 30.3± 2.28 years). All subjects gavewritten informed consent before participation, in accordancewith the
institution’s ethical committee.

For quantitative reference, a 3(3)3(3)5modified Look–Locker inversion recovery (MOLLI) scanwas
acquiredwith the following scan parameter: FOV: 360× 323mm2, TE/TR: 1.12/2.7ms,flip angle: 35°, and
spatial resolution: 2.1× 1.4× 6mm3.Overall, eight slices were acquiredwith the following orientations and
positions: 4CH, 2CHof the left ventricle, 2CHof the right ventricle, and SAX at the following positions: apex,
apical,mid-ventricular, basal, and atrial.

For anatomic reference, a turbo-spin-echo dark blood (TSE) sequencewas usedwith the following
parameters: FOV: 340× 276mm2, TE/TR: 28.0/700.0ms,flip angle: 180°, and spatial resolution: 1.3× 1.3× 5
mm3.Overall, five slices were acquiredwith the following orientations and positions: 4CH, 2CHof the left
ventricle, 2CHof the right ventricle, and SAX atmid-ventricular and atrial positions.

2.5. Evaluation
2.5.1. Simulation
The results using simulated datawithout any simulated BHmotionwere evaluated by a qualitative comparison
of the T1maps to the ground truth. To assess the effect of the k-space-based reconstruction quantitatively, the
edge sharpness of the septum in the T1maps in SRRi

rot and SRR
k
rotwas calculated as described inHufnagel et al

(2022), which is based on themethod described in Etienne et al (2002).
The performance of the BH alignmentwas evaluated by calculating the root-mean-squared error (RMSE) to

the known simulatedmotion inmm.The reduction in RMSE compared to themaximumpossible RMSEwas
calculated as themeanRMSEover the three spatial directions. For that, the simulated dataset with no cardiac
motionwas used as the performance of the cardiacmoco could influence the performance of the BHmoco.

2.5.2. Phantom
The edge sharpness of the phantom tubes was calculated and compared between the different approaches. The
difference between the average edge sharpness of SRRi

rot and of SRR
k
rotwas evaluated on statistical difference

using a paired student T-test.
Multiple ROIwere set in each of the nine phantom tubes to determine the average and standard deviation

(SD) of the T1 values and to compare thembetween SRRi
rot and refSE as well as between SRR

k
rot and refSE. To assess

the accuracy of the SRR, Pearson’s correlation coefficientsR2 , the paired student T-testP-values, and the RMSE
between SRRi

rot and refSE, and between SRR
k
rot and refSEwere calculated. Furthermore, a Bland–Altman plot

(Bland andAltman 1999)was used to visualize the differences in the average T1 values between SRRk
rot and refSE.

2.5.3. In vivo
To assess the performance of the k-space-based reconstruction in in vivo experiments, the T1maps of LRrot,
SRRi

rot and SRR
k
rotwere qualitatively compared. Next to that, a qualitative comparison between SRRk

rot and the
MOLLI andTSE reference scanswas performed.
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For quantitative evaluation of the T1 values of the proposed approach, bull’s eye plots (Cerqueira et al 2002)
of the proposed and of theMOLLI reference scanswere created and then compared. These plots follow the
AmericanHeart Association’s standard 17-segmentmodel of the left ventricle. For that, a basal,mid-cavity,
apical and apex slicewere selected. In the respective slices, the left ventricle wasmanually delineated into 17
segments in total, based on anatomic landmarks. For each segment, themean and SDof the T1 values inside the
segmentwere calculated.

ThemeanT1 values in eachmyocardial segment of each volunteer were calculated, and themean and SD
over the volunteers of these values were plotted for the proposed approach and theMOLLI reference. Next to
that, themean absolute difference in the segmental T1 values between theMOLLI reference and the proposed
approachwas calculated. The precision of the T1 valueswas evaluated by comparing the SDof the T1 values
within the differentmyocardial segments between SRR andMOLLI over all segments and all ten healthy
volunteers.

Improvements compared to previously publishedmethods, as well as the impact ofmotion on the SRR, were
investigated in a qualitative comparison between the T1maps of SRRk

rot and SRR
i
transl.

The influence of the k-space-based reconstruction on noise and image contrast was evaluated using the
contrast-to-noise ratio CNRT1 of the T1maps. This was evaluated at the septum in a 2D slice using the following
equation:

( )
m m

s
=

-
CNR . 6T1

septum blood

blood

Thereby mseptum describes themean T1 intensity in a ROI placed in the septum. mblood describes themeanT1
intensity in a ROI placed in the blood adjacent to the septum. sblood describes the SDof the T1 intensity in a ROI
placed in the blood.

3. Results

3.1. Simulation
Figure 3 shows the application of the proposed approach on simulated data and compares SRRi

transl, SRR
i
rot,

SRRk
rot and the ground truth.With the same number of LR stacks, both SRRrot approaches could cover thewhole

heart, while SRRtransl was limited to the ventricles. The k-space-based reconstruction in SRRk
rot improved the

visualization of thin structures compared to the image-space-based reconstruction, such as, for example, the
atrial wall (green arrow).

The edge sharpness of the septumwas 0.28 in SRRi
rot and 0.29 in SRR

k
rot. So, the k-space-based reconstruction

increased the edge sharpness of the septumby 6.2% compared to the image-space-based reconstruction.
As evaluated in a further experiment considering different BHpositions, the RMSE to the known simulated

BHmotion in SRRrot was [1.79, 1.59, 1.18]mmfor the three different spatial directions. Themaximumpossible
RMSEbased on the simulatedmotionwas [2.14, 2.24, 1.29]mmand thus decreased by an average of 36.83%
over the three directions.

3.2. Phantom
Figure 4 shows the application of the proposed approach on phantomdata and compares it with one of the LR
stacks, with SRRi

rot andwith reforth. The sharpness of all tubes increased from0.33± 0.05 for SRRi
rot to 0.35±

0.05 for the proposed reconstruction SRRk
rot. This corresponded to an increase in the sharpness of the tubes by

4.73% through the k-space-based reconstruction. The difference in sharpness values was statistically significant
(P= 0.01). The sharpness in reforthwas 0.45± 0.08.

The average T1 values of SRRk
rot, SRR

i
rot and SRR

i
transl showed a high correlation (P> 0.4,R2> 0.99)with the

spin-echo reference refSE as also shown in the Bland–Altman plot infigure 5. Themean difference between the
T1 times in SRRi

transl and refSEwas 14.65± 19.66ms, between SRRi
rot and refSE 14.88± 22.4ms, and between

SRRk
rot and refSE 14.70± 23.42ms. This respectively corresponds to a RMSEof 24.52ms, 26.89ms and 27.66ms

for SRRi
transl, SRR

i
rot, and SRR

k
rot.

3.3. In vivo
Infigure 6, the application of the proposed approach on in vivo data is compared to the image-space-based SRR
approach next to one LR stack. Thewholemyocardium, including the atria, could be visualizedwith the
proposed approach. The image quality improvedwith the k-space-based SRR, as can be seen in the decreased
overall noise and the increased contrast betweenmyocardium and blood. The visualization of small structures,
such as the atrial wall or the interatrial septum, improved (see arrows).
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The CNRT1 of the T1maps at the septumover all volunteers was 8.44± 3.30 in SRRi
rot and 9.66± 3.77

in SRRk
rot, corresponding to an increment of 14.50%using a k-space-based SRR.

Figure 7 compares SRRk
rot of one volunteer to aMOLLI andTSE reference scan in all three orientations (SAX,

4CH, 2CHof the left ventricle). All three orientations could be capturedwell, and small details, such as the atrial
wall (arrow), could be visualized. Additionally, figure 8 shows the results of the proposed approach applied to
threemore volunteers in 4CH and compares them to the reference scans. The results againmatched the
references and small structures as the papillarymuscles could be visualized (arrow).

Figure 9 shows a bull’s eye plot analysis (Caballero et al 2014) of the T1 times of the proposed approach and
theMOLLI reference scans of all ten healthy volunteers. ThemeanT1 value over all volunteers and over all
myocardial segments was 1068.02± 71.45ms using the proposed approach and 1261.15± 55.50ms using
MOLLI. T1was underestimated in the proposed approach by 193.14± 80.73ms compared toMOLLI, which
can be attributed to themagnetization transfer effects as a consequence of the slice-selective inversion pulses
(Huang et al 2020,Hufnagel et al 2022) and residual BHmotion artefacts. The SDwithin themyocardial
segments was 64.32± 22.77ms over all segments and volunteers in SRRk

rot and 44.73± 31.9ms in theMOLLI
reference. These SDswere comparable, indicating high precision.

Infigure 10, the proposed approach is compared to SRRi
transl.With the same number of LR stacks, SRRk

rot

could cover thewhole heart, while SRRi
translwas restricted to the ventricles. Artefacts appearing as discontinuities

in the septum (arrow) could be seen in SRRi
transl, which could be attributed to residualmotion artefacts, but not

in SRRk
rot.

Figure 3.Application of the proposed approach on simulated T1 data. The results using a previously proposed SRR approachwith
translated stacks (SRRi

transl), using image-space-based SRRwith rotated stacks (SRRi
rot) and using the proposed approach (SRR

k
rot) are

compared to the ground truth.While SRRi
translwas limited to the ventricles, the SRRrot approaches could cover thewhole heart with

the samenumber of LR stacks. The use of a k-space-based reconstruction improved the visualization of small structures such as, for
example, the atrial wall (arrow). Cardiacmotion but no BHmotionwas simulated.
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Figure 11 compares the application of the proposed approach to reference scans at oblique slice positions
showing smallmyocardial structures as the SAX through the atria and the 2CHof the right ventricle. Small
details in the atrial walls could be partially recovered using the proposed approach. The right ventricular wall
could be fully captured.

Infigure 12, the influence ofmotion on different SRR schemes is shown. Themotion detected in SRRi
transl

was in the range of [7.8, 9.1, 2.6]mmin the three different directions and the range of [1.3, 3.9, 3.9]mmfor

Figure 4.Application of the proposed approach on phantomT1 data. A low-resolution stack (LRrot) and the outputs of image-space-
based (SRRi

rot) and k-space-based (SRR
k
rot) super-resolution reconstructions are compared to an orthogonal reference scan (reforth).

The sharpness of the interface between tubes and phantombackground increasedwhen using the k-space-based SRR. This is
highlighted in the zoom-ins in the second rowwith themeasured sharpness value of the single tube in the corner.

Figure 5.Bland–Altman plot between the T1 values obtainedwith the proposed approach SRRk
rot andwith the reference refTSE.
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SRRk
rot.Motion induced by different BHpositions led tomajor zig-zag artefacts in SRRi

transl. In the proposed
approach,motion led tominor artefacts such as blurring, which could be reducedwith the proposedmoco
scheme.

4.Discussion

In the proposed approach, a 3Dwhole heart T1map could be reconstructed in an overall scan time of
approximately threeminutes using 12BH. The application of a k-space-based SRRwith rotated stacks improved
the visualization of small structures and allowed the visualization of, for example, thewall of the right ventricle
and parts of the atrial wall. Cardiacmotionwas corrected using non-rigid registration, and different BH

Figure 6.Application of image-space-based (SRRi
rot) and k-space-based (SRR

k
rot) super-resolution reconstruction on in vivo data

compared to a single LR stack (LRrot). The SRRusing rotated stacks could recover the standard SAX view. The k-space-based SRR
improved the visualization of small structures such as the interatrial septum (see green arrow) and the aortic wall (see blue arrow) and
decreased the overall noise level. Blood could not be quantified accurately with the SRR approach due to the use of slice-selective
inversion pulses.
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positionswere aligned using an iterative rigid cross-correlation approach. The proposed approach provided
precise T1maps, with a comparable SD of the T1 value resulting from the proposed approach compared to the
reference.

The proposed SRR approach combinesmultiple LR slices with high SNR to accuratelymeasure T1 in even
small structures. A similar study has demonstrated the benefits of using SRR reconstructionmethods over direct
HR acquisition. This study (Plenge et al 2012b) has shown that SRR reconstructed images have higher SNR than
images obtained directly at the same high resolutionwhen considering the same acquisition time.

The proposed k-space-based reconstruction outperformed the previously presented (Hufnagel et al 2022)
image-space-based reconstruction. By the integration of the cardiacmotion fields, the coilmaps, the FT and the
radial k-space trajectory into the optimization, the visualization of small structures, for example, the interatrial
septum, improved, which is in accordance with previousmethods proposed for SRR of the brain (Bano et al

Figure 7.Application of the proposed approach on in vivo data and comparison toMOLLI andTSE reference scans. The SRR result
SRRk

rotmatched the reference scans and small structures as, for example, the atrial wall or the papillarymuscles could be recovered
(arrows). Opposed to theMOLLI reference, blood could not be visualizedwith the SRR approach due to the use of slice-selective
inversion pulses.
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2020). Furthermore, the proposed k-space-based approach led to an increase in the edge sharpness of 4.73%
compared to an image-space-based approach, as shown in phantom experiments. For the first time in
quantitative cardiac imaging, a k-space-based SRR schemewith differently rotated LR stacks could be applied. It
could be shown that it outperformed the results from a parallel stacks acquisitionwith shifts along the SE
directionwith respect to robustness againstmotion in between the LR stacks, which is in accordance with
previously published results for the brain (Shilling et al 2009,Nicastro et al 2022). Furthermore, thewhole heart
could be coveredwith SRRusing rotated stacks, while a SRR approachwith parallel stacks was limited to the
ventricles in the same acquisition time.

The results of the proposed approach agreedwell with the reference scans. The in vivo results could not be
directly comparedwith theMOLLI and dark blood reference scan because each scanwas acquired in a different

Figure 8.Application of the proposed approach on in vivo data and comparison toMOLLI andTSE reference scans in 4CH
orientation. In addition tofigure 7, threemore volunteers are shownhere. The SRR result SRRk

rotmatches the reference scans and
small structures as, for example, the atrial wall or the papillarymuscles could be captured. Blood could not be visualizedwith the SRR
approach due to the use of slice-selective inversion pulses.
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BH.Using a bull’s eye plot evaluation, the in vivo results showed an underestimation of themyocardial T1 values
compared to theMOLLI referencemethod. This could partly be attributed to residualmotion artefacts.
Nonetheless, other studies showed similar underestimation effects, whichwere attributed tomagnetization
transfer effects as a consequence of the slice-selective inversion pulses (Huang et al 2020,Hufnagel et al 2022). A
similar trend of underestimation could also be shown in other studies using slice-selective inversion pulses with
small animals (Kober et al 2004) andwith healthy volunteers (Northrup et al 2008). The provided T1 estimates of
the proposed approach, however, showed high precision. The simulations and phantom experiments suggest
that the proposed approach provides accurate T1 quantification (P> 0.61,R2> 0.99).

Previous studies for the brain (Shilling et al 2009) have shown that themore stacks, i.e., orientations used for
the SRR, the better the result with respect to the leastmean squared error to the reference. In the proposed
approach, the number of LR slices per stack and the total number of stackswere limited by BHduration and
overall acquisition time. Gapswere introduced between the LR slices to cover thewhole heart with every stack.
To cover the heart without gaps,multiple stacks with the same orientation but shifted to each other along the SE
directionwere used tofill the slice gaps. These stacks could then not be used to gather information about another
orientation. So, in the proposed approach, a trade-off betweenfilling gaps and number of orientations needed to
be found. The proposed approach aimed for a high homogeneity in the amount of LR information perHR
position by using three stacks for each orientation.

The SRR acquisition schemewith rotated stacks leads to a higher amount of LR information perHRposition
the closer theHRposition is to the rotation axis sincemore stacks overlap in this region. This can also be seen in
figure 4, inwhich the tubes in the corner of the phantom received less LR information than the centre tube. This

Figure 9.Bull’s eye plot evaluation of themeanT1 values and their SD inms in standardizedmyocardial segments of the proposed
approach (SRRk

rot) and of aMOLLI reference acquisition.
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effect can be adjusted by changing the FOV in the SE direction acquiredwith each LR stack. The higher the
covered FOVper LR stack, the farther the areawith less LR information is from the rotation axis. In the proposed
approach, the number of slices per LR stackwas limited due to the BHduration, so the gap between the slices was
adjusted such that every stack covered a FOVof 76mm in the SE direction. This resulted in an area ofmaximum
LR information about approximately 76mm in diameter, centred on the septum as the axis of rotation.
However, this is only sufficient for patients with a relatively small overall heart size (Pfaffenberger et al 2013).
This can be adapted to a larger heart by increasing the gap between the slices and thus requiringmore stacks to
fill the gaps.

As shown infigure 12, SRRrot showed less pronounced artefacts due tomotion compared to SRRtransl, which
agreedwith (Nicastro et al 2022).Motion in SRRtransl led to strong zig-zag artefacts, whilemotion in SRRrot led to
minor artefacts such as blurring. Any residual uncorrectedmotion, therefore, also impairs the quality of the T1
mapsmore inSRRtransl than SRRrot.

The proposed approachwas limited by not being able to accurately quantify the T1 values of blood due to the
use of slice-selective inversion pulses. However, the low apparent T1 time of blood can also be an advantage, as
the contrast between themyocardium and the blood increased. This can be especially of interest for assessing
small structures such as the atrial wall. To calculate the extracellular volume, the acquisition of a single LR slice
with a global inversion pulse would provide the required information regarding the T1 values of the blood pool.

Figure 10.Comparison of the proposed approach (SRRk
rot) to a previously presented (Hufnagel et al 2022) one (SRRi

transl).With SRRk
rot,

the whole heart could be covered, while SRRi
translwas restricted to the ventricles. Artefacts appearing as discontinuities in the septum

(arrow) could be seen in SRRi
transl but not in SRR

k
rot, which could be attributed to residualmotion artefacts.
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The use of the slice-selective inversion pulse furthermore led to amixing of blood, whichwas affected by the
inversion pulse and inflowing blood, whichwas not affected. The ejection fraction is normally below 72% for
men and 74% forwomen (Lang et al 2015), so the blood that has seen the slice-selective inversion pulse at some
point during the acquisitionmixedwith bloodwhich has not been inverted. Especially blood in the apical region
does not necessarily get ejected, so this effect ismainly visible there. The T1 value of partially inverted blood
could be close to the one of a healthymyocardium,making it challenging to distinguishmyocardium fromblood
in this region. A similar effect could be seen in the apical region of the TSE sequence. This effect would need
further consideration and adaptation to use the proposed approach in patients with low ejection fraction.

A drawback of the proposed approach is the high complexity, leading to a reconstruction time of overall
approximately 24 h for aHR 3DT1mapusing a high-performance computer (2× 24Cores, Dual Intel Xeon
Gold 6246, 768GBRAM). This could be improved using a physics-informed neural network instead of the
alternating optimization scheme.

Another limitation of the proposed approach is that the SAX for some volunteers showedmore artefacts
compared to SRRtransl. This can be traced back to imperfectness inmoco, as unknownmotion between the LR
stackworsens the SRR result (VanReeth et al 2012). In the proposed approach, the SAXhas never been acquired
directly butwas only reconstructed fromother orientations using SRR, whereas SRRtransl always acquired SAX
images and then reconstructed 4CHor 2CHorientations out of the SRR result. Improvements in cardiac andBH
moco and usingmore complexmotion registration algorithms (Shuzhou et al 2007, Kuklisova-Murgasova et al
2012, Kainz et al 2015, Amerom et al 2019, Beirinckx et al 2020, 2022, Shi et al 2023)might, therefore, improve
the overall SRR result. The integration of themoco into the optimization scheme of the SRR, as explained in
(Dzyubachyk et al 2015, Corona et al 2021, Beirinckx et al 2020, 2022), could enhance its results.Moreover,
incorporating rotation and deformation into themoco could potentially enhance the alignment of BH states.

Figure 11.Application of the proposed approach (SRRk
rot) on in vivo data in uncommon slice positions showing smallmyocardial

structures and comparison toMOLLI andTSE reference scans. Small structures in the SAX view through the interatrial septum
(arrow) and in the two-chamber view (2CH) of the right ventricle could be recoveredwith the proposed approach. Blood could not be
visualizedwith the SRR approach due to the use of slice-selective inversion pulses. Different colour bars have been used forMOLLI
and SRRk

rot to adapt to the different T1 intensities of blood.
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This workwas only evaluated in healthy volunteers. However, the application in patientsmight lead to
further potential challenges. In this work, constant breath holds were assumed and onlymotion in between
breath holds was corrected.Nonetheless, the application in patients could also lead to intra-stackmotion, due to
inadequate breath holding. This could be addressed by registering the slices within one stack individually to the
HRvolume. Furthermore, instead of retrospectively aligning the BHposition, external respiratorymotion
correction approaches could be used to track the slice positions prospectively and adjust the acquisition
accordingly, for instance, using the Pilot tone (Ludwig et al 2021). This would allow for a free-breathing
acquisition and thereby increase the overall patient comfort. Furthermore, patientsmight show irregular
heartbeats. The proposed cardiacmotion correction scheme has so far not been applied to patient data.
However, due to its retrospective application, it is in general independent of the heart rate and thus also
independent of successful real-time triggering.

The proposed SRR reconstruction problem sets up a relationship between the acquired k-space data and the
HRT1 parametermap. This formulation is versatile and can be used for various quantitative imaging
techniques, including T2mapping. The low through-plane resolution in cardiac T2mapsmay limit the ability to
detect small areas of inflammation (O’Brien et al 2022) or edema (Bustin et al 2021). Additionally, in cardiac T2
mapping, the FOV is often restricted to only a part of the left ventricle, potentially causing the omission of focal
areas of inflammation (Bustin et al 2021). In the future, applying SRR toT2mapping could also provide valuable
diagnostic information related to edema (Messroghli et al 2017) in patients with conditions such asmyocardial
infarction (Giri et al 2009, vanHeeswijk et al 2015), heart transplant rejection (Markl et al 2013), or
inflammatory cardiomyopathy (Thavendiranathan et al 2012).

Figure 12.Comparison of the influence ofmotion on different SRR schemes applied to in vivo data.Majormotion artefacts (blue
arrow)were induced by different BHpositions when using SRRi

translwithout anymotion correction (moco). In the proposed approach
(SRRk

rot), motion between the stacks led tominor artefacts such as blurring (green arrow), which could be removed after applying the
proposedmoco scheme. Blood could not be visualizedwith the SRR approach due to the use of slice-selective inversion pulses.
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5. Conclusion

In this study, a novel 3D k-space-based super-resolution T1mapping approachwith rotated stacks was
proposed.Whole heart isotropic 1.3mmT1maps could be acquired in an overall acquisition time of
approximately threeminutes. Cardiacmotion and differentmotion states due to different breath holdingwere
corrected. The visualization of small structures improved, and thewhole heart could be covered, including the
atria.
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