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ABSTRACT

Late gadolinium enhancement (LGE) with cardiac magnetic resonance (CMR)
imaging is the clinical reference for assessment of myocardial scar and focal
fibrosis. However, current LGE techniques are confined to imaging of a single
cardiac phase, which hampers assessment of scar motility and does not allow
cross-comparison between multiple phases. In this work we investigate a three
step approach to obtain cardiac phase-resolved LGE images: 1) Acquisition of
cardiac phase-resolved imaging data with varying T4 weighting. 2) Generation
of semi-quantitative T; maps for each cardiac phase. 3) Synthetization of LGE
contrast to obtain functional LGE images. The proposed method is evaluated in
phantom imaging, six healthy subjects at 3T and 20 patients at 1.5T. Phantom
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imaging at 3T demonstrates consistent contrast throughout the cardiac cycle with a
coefficient of variation of 2.55%+0.42%. In-vivo results show reliable LGE contrast
with thorough suppression of the myocardial tissue is healthy subjects. The contrast
between blood and myocardium showed moderate variation throughout the cardiac
cycle in healthy subjects (coefficient of variation 18.2%+3.51%). Images were
acquired at 40-60 ms and 80 ms temporal resolution, at 3T and 1.5, respectively.
Functional LGE images acquired in patients with myocardial scar visualized scar
tissue throughout the cardiac cycle, albeit at noticeably lower imaging resolution and
noise resilience than the reference technique. The proposed technique bears the
promise of integrating the advantages of phase-resolved CMR with LGE imaging,
but further improvements in the acquisition quality are warranted for clinical use.

Keywords: cardiac magnetic resonance imaging, late gadolinium enhancement, myocardial tissue characterization,

phase-resolved cardiac imaging, cardiac T1 mapping, MRI relaxometry, cardiovascular imaging, scar imaging

1 INTRODUCTION

Late gadolinium enhancement (LGE) is the clinical gold standard for assessment of
myocardial viability (Kim et al., 2000; Kim Raymond et al., 1999) forming an integral
part of clinical work up for a wide range of ischemic and non-ischemic cardiomyopathies
(Judd et al., 2005). LGE imaging enables the depiction of myocardial scar by visualizing
the retention of a gadolinium based contrast agent. Imaging is performed 10-to-20 minutes
after contrast injection and data is typically acquired during the diastolic quiescence to
minimize motion artifacts. In LGE imaging, an inversion recovery sequence is used, where
the inversion time is selected to null the signal from the healthy myocardium. This facilitates
high contrast of scar tissue as hyper-enhancement against a dark background.

In addition to LGE imaging, most routine clinical cardiac MRI protocols comprise the
acquisition of CINE MRI (Kramer et al., 2013, 2020a). In these scans, data is sampled
throughout the cardiac cycle and either prospectively or retrospectively binned into different
cardiac phases (Atkinson and Edelman, 1991). This allows for reconstruction of phase-
resolved images throughout the cardiac cycle. Thus, cine images enable the detailed
depiction of cardiac motion, allowing for the quantification of functional parameters and
visual assessment of wall motion abnormalities (Patel et al., 2013).

Thus, LGE and CINE imaging acquisitions differ in terms of their timing and contrast
requirements. While CINE imaging is acquired through the cardiac cycle with a steady-
state contrast, LGE imaging aims for a particular inversion contrast which is typically
specified to coincide with an imaging window in diastole. Nonetheless, acquisition of
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LGE images at cardiac phases other than end-diastole has proven to be advantageous
under certain conditions, as it offers the potential to more clearly depict concealed scar
tissue (Matsumoto et al., 2010; Schuster et al., 2012). However, due to the use of inversion
recovery in traditional LGE imaging, scans are restricted to a single cardiac phase to provide
the desired imaging contrast. This inherent limitation prevents joint evaluation of scar and
wall motion with traditional LGE sequences. Thus, even though CINE and LGE imaging
are the cornerstones of CMR and routinely evaluated alongside each other (Judd et al.,
2005), separate scans are required to comprehensively characterize the myocardium. This
not only leads to long scan protocols but also impedes evaluation: Information needs to be
fused from separate scans in order to evaluate functional and viability information together.
Obtaining phase-resolved LGE images on the other hand has been a long standing aim in
cardiac MRI (Connelly et al., 2009; Ferrari Victor et al., 2011) as it may allow for joint
evaluation of wall motion abnormalities and viability in a single scan. However, the need
for consistent LGE contrast throughout the cardiac cycle has prevented its implementation
so far.

Myocardial 77 mapping was introduced as an alternative for myocardial tissue
characterization (Messroghli et al., 2004; Kellman and Hansen, 2014). While sensitivity
to ischemic scar remains a subject of ongoing debate (Hamdy et al., 2016), native T}
mapping was demonstrated to provide clinical value in numerous cardiomyopathies
(Radenkovic et al., 2017). Advanced sequence developments have most recently enabled
the quantification of myocardial 77 throughout the cardiac cycle (Weingirtner et al., 2017b;
Jaubert et al., 2020; Becker et al., 2019; Hamilton et al., 2020). Multiple methods have
been proposed, including Temporally resolved parametric assessment of Z-magnetization
recovery (TOPAZ) (Weingirtner et al., 2017b), phase-resolved cardiac magnetic resonance
fingerprinting (MRF) (Jaubert et al., 2020; Hamilton et al., 2020), cardiac magnetic
resonance multi-tasking (Christodoulou et al., 2018) and multi-contrast CINE MRI (Becker
et al., 2019). Furthermore, utility of quantitative or semi-quantitative 77 relaxation
information to synthesize LGE imaging contrast has also been explored, showing that
synthetic LGE can circumvent the sensitivity to a predefined inversion time that may lead
to residual myocardial signal and hamper identification of scar (Varga-Szemes et al., 2016,
2017; Abdula et al., 2018; van Dijk et al., 2018).

The aim of this study is to integrate these recent developments and enable cardiac phase-
resolved LGE imaging with consistent contrast throughout the cardiac cycle. Three steps
are proposed to provide phase-resolved viability information in a single scan: First, multiple
images with different 77 weighting are acquired for each cardiac phase, extending on
our previously developed TOPAZ technique. Second, semi-quantitative phase-resolved 77
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maps are obtained from this multi-contrast CINE data. Finally, images with the desired
LGE imaging contrast are retrospectively synthesized for each cardiac phase, in such a
way that the scar is depicted as hyper-enhancement against a dark background of healthy
myocardium. Phantom measurements are performed to validate the technique, and image
quality is tested in several healthy volunteers and patients at 3T and 1.5T, respectively.

2 MATERIALS AND METHODS
2.1 Sequence

Figure 1 depicts the sequence diagram of the proposed acquisition scheme, which builds
on our recently developed TOPAZ technique (Weingirtner et al., 2017b). In the proposed
sequence, the following steps are implemented: 1) The magnetization is driven to pulsed
steady-state with continuous FLASH acquisitions. 2) Magnetization inversion is performed.
3) FLASH images are acquired continuously throughout the inversion recovery until
pulsed steady-state is re-reached. The magnetization inversion and the imaging readout are
prospectively triggered to the R-wave of the ECG to obtain Look-Locker experiments. Low
imaging flip angles are used to ensure that the recovery to the steady-state spans two heart
beats. In turn, this leads to two points on the inversion curve, separated by an R-R interval,
for each inversion pulse. The same Look-Locker experiment is then repeated multiple times,
to fill the acquisition k-spaces of all cardiac phases. To ensure an uninterrupted pulsed
recovery curve, dummy pulses with no associated imaging readout are performed after the
acquisition window. The dummy pulses are played until the R-wave is detected, to ensure
there is no gap in pulses before the acquisition window. In the presence of R-R variability,
this leads to a variable number of dummy pulses. This way no deviation from the pulsed
recovery model occurs and the magnetization is consistently driven to a pulsed steady
state, even in the presence of variable R-R durations. The acquisition window, i.e. the time
window during an R-R interval in which the prospective data acquisition is performed, is
specified to a fixed duration when planning the sequence. Typically the acquisition window
duration was chosen around 90% of the R-R interval. 4) The overall experiment is further
repeated multiple times while varying the position of the inversion pulse relative to the
R-wave. Changing this inversion pulse offset, i.e. the time period between the detection of
the R-wave and the application of the inversion pulse, leads to a different time between any
given cardiac phase and the preceding inversion pulse. Thus, it enables the acquisition of
multiple points on the inversion recovery curve. In the proposed sequence three inversion
pulse offsets are acquired. Sampling the inversion recovery curve for each cardiac phase,
in turn, allows for semi-quantitative assessment of the longitudinal recovery time and
generating synthetic LGE images, as explained below.
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For accurate 77 mapping in the TOPAZ sequence, a three-parameter fit model had to be
used to correct for Bf' -dependent attenuation during the Look-Locker readout. However,
in the proposed functional LGE imaging technique, absolute quantification of 77 or an
accurate estimation of Bfr are not required, to achieve qualitative LGE contrast after
synthetization. Thus, a two-parameter fit model can be employed under the assumption of
complete magnetization inversion:

S(Ty)=A (1 — 2e_TiI*) : (1)

where S(77) is the voxel intensity at inversion time 77, and A and 77 are model fit
parameters, with the latter denoting the apparent 7' time. Fitting has been performed in a
custom tool implemented in C using a Levenberg-Marquardt algorithm from the levmar
toolbox for non-linear least-squares fits (Lourakis, Jul. 2004).

Following the fitting procedure, the synthetic LGE image is then generated by applying
the following equation voxel-by-voxel:

Tsyn
Ssyn(Tsyn) = A (1 —2 T ) , (2)

where Sy, is the synthesized signal, and A and 77 are the parameters as obtained from the
voxel-wise model fit in Eq. (1). T’y is the synthetic inversion time that is retrospectively
chosen to null the signal of the healthy myocardium. A single virtual inversion time is
used for all cardiac phases in order to provide consistent LGE contrast and enable cross
comparison among the phases.

2.2 Simulations

Numerical simulations have been performed to assess the noise resilience at different
cardiac phases acquired with the proposed method. Noisy Bloch simulations were performed
with a simulated heart rate of 60 bpm. The post-contrast myocardial 77 time was simulated
between 350 and 650 ms. The remaining sequence parameters were chosen to match the
phantom and in vivo experiments at 3T (Tab. 1). The noise level was chosen to simulate a
baseline SNR of 20 and N = 1000 repetitions were performed. The coefficient of variability
was assessed as the standard deviation of the obtained, apparent 7" over its mean.
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2.3 Phantom Experiments

Phantom experiments were conducted on a 3T Siemens Magnetom Prisma (Siemens
Healthcare, Erlangen, Germany) scanner. Imaging was performed with a 30-channel
receiver array. The imaging parameters for the functional LGE sequence are listed in
Table 1. As previously proposed for TOPAZ (Weingirtner et al., 2017b), flip-angle and
TR were chosen using numerical optimizations to obtain an ideal trade-off between signal
strength and relaxation rate of the pulsed recovery curve. Two sets of phantom experiments
were performed, to study the CNR across the cardiac cycle, and to investigate the effect of
different heart rates, respectively.

For the first set of phantom experiments two spheres filled with Gadolinium-doped
agarose gel were used. The spheres were constructed to be approximately representative
of post-contrast 7 times in the blood pool and the healthy myocardium (77=489 ms,
910 ms, respectively, (Weingirtner et al., 2016)). The synthetic inversion time was set to
T'syn = 567 ms in order to null the signal in the sphere representative of the myocardium.
Imaging was performed with a simulated ECG at 60 bpm. Ten repetitions of the functional
LGE sequence were acquired in the phantom setting. The contrast-to-noise ratio (CNR)
was assessed between manually drawn ROIs in the two spheres. Due to the non-linear
processing, noise was defined as pixel wise variability across the ten repetitions. The

Table 1. Sequence parameters of the proposed functional LGE sequence at 1.5T and 3T.

Functional LGE Conventional LGE
1.5T 3T 1.5T 3T
Sequence Type = FLASH FLASH FLASH bSSFP
TE (ms) 3.2 2.6 4.9 1.1
TR (ms) 6.7 5.0 10.0 2.6-2.8
Flip angle 6° 3° 30° 50°
GRAPPA 2 2 1 2
Partial Fourier 6/8 6/8 1 1
Averages 1 1 1 8
In-plane Resolution (mm?) 2.1 x 2.1 19x19 21x21 1.6 x 1.6
Slice Thickness (mm) 10.0 10.0 10 8.0
Temporal Resolution (ms) 80 40 - 60 N/A N/A
Number of Inversion Times 6 6 1 1
Field of View (mm?) 225 x 300 225 x 300 300 x 300 270 x 360
Number of Heart Beats 18 18 12 16
Breath-hold Duration (s) 15-18 17-19 10-12 14 -16
Time between inversion 5 2 2 (PSIR) 2 (PSIR)

pulses (heart beats)
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contrast homogeneity was quantified by analyzing the coefficient of variance (CoV) of the
CNR throughout the simulated cardiac cycle.

In the second set of experiments, a bottle phantom was imaged at various simulated heart
rates. T’s,, was chosen to null the compartment with the longer 77 time. Heart rates between
50 and 90 bpm were simulated and five repetitions were acquired for each heart rate. The
signal in the other phantom compartment was compared across the different heart rates.

2.4 In-vivo Experiments

The imaging protocols were approved by the respective local institutional review boards.
Written informed consent was obtained from each subject prior to examination.

Three in vivo cohorts have been scanned in this study. First, six healthy subjects (4 male,
2 female, 40 £+ 19 years old) have been scanned at 3T (Magnetom Prisma, Siemens
Healthineers, Erlangen, Germany). Second, 20 patients (13 male, 7 female, 50 + 16
years old) were imaged on a 1.5T scanner (Avanto Fit, Siemens Healthineers, Erlangen,
Germany). In this cohort patients with suspected or confirmed coronary artery disease
who were scheduled to be scanned on one of the three selected scan days have been
included. Finally, four patients (1 male, 4 female, 66 4- 7 years old) have been scanned at
3T (Magnetom Prisma, Siemens Healthineers, Erlangen, Germany). Two of those patients
have been referred to CMR for potential myocarditis, one for evaluation of coronary artery
disease, and one for follow-up of dilated cardiomyopathy.

The differences in scanner hardware, field strength and consequently different required
adoption of the imaging parameters. The full set of imaging parameters is provided in
Table 1. Additionally, phase-sensitive inversion recovery (Kellman et al., 2002) LGE
imaging was performed as reference. The corresponding sequence parameters can be found
in Table 1. All LGE imaging was performed 10-20 minutes after injection of 0.2 mmol/kg
gadobutrol (Gadovist, Bayer, Leverkusen, Germany) or 0.1 mmol/kg gadoterate meglumine
(Dotarem, Guerbet, Villepinte, France) contrast agent.

Contrast was quantitatively analyzed in all healthy subjects. ROIs were manually drawn
in the septum and the left-ventricular blood-pool. Apparent in-vivo CNR was defined as

follows:
’:U’Myo - ,uBlood‘

2 2
\/(UMyo + UBlood) /2
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where ip7y0, [1Biood describe the average signal in the ROI drawn in the myocardium and
the blood pool, respectively. o1y, and o gjooq describe the spatial standard deviation across
the ROIs.

In healthy subjects ROIs were drawn for all cardiac phases individually. As the temporal
resolution was fixed, a different number of acquisition cardiac phases is acquired for
different heart rates. In order to compare the aCNR for subjects with different heart rates,
the acquired number of cardiac phases (10-18) was interpolated to 20 reconstruction phases,
using linear interpolation. The CoV of the aCNR was assessed throughout the cardiac cycle
as a measure of contrast homogeneity.

In the patient cohorts, ROIs were drawn for one diastolic and one systolic phase. The
aCNR was then quantitatively compared among the cohorts for both phases. ANOVA was
performed to find statistical differences among the aCNR of the groups, and p < 0.05 was
considered significant.

3 RESULTS
3.1 Simulations

The results of the numerical simulations are displayed in Figure S1. A marked difference in
noise resilience is observed across the cardiac cycle. Cardiac phases with minimal TIs close
to the nulling point of the simulated 77, suffer from the most noise variability. Additionally,
increasing simulated 77 times, leads to an overall increase in noise susceptibility, as
observed in the coefficient of variability.

3.2 Phantom Experiments

Semi-quantitative 77" maps acquired with the proposed functional LGE sequence are
displayed in Figure 2a. The maps display the average and variability of the 77 time
throughout the cardiac cycle. The CoV of the 77 time was 1.31% =+ 0.19% and 1.89% +
0.23% for the blood and the myocardial sphere, respectively. Figure 2b shows functional
LGE images acquired in the phantom throughout the simulated cardiac cycle. The images
depict thorough nulling of the myocardial sphere. The CNR is largely constant throughout
the simulated cardiac cycle, resulting in a CoV of 2.55% + 0.42%.

Additionally, only minor variation of the functional LGE signal was observed for different
heart rates (Figure S2). The CoV of the signal when varying the simulated heart rate from
50 to 90 bpm, was 2.03% + 0.81%, with no significant trend (R = 0.0013, p = 0.865).
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3.3 In-vivo Experiments

Figure 3 depicts an example of the processing pipeline used to obtain functional LGE
images in a healthy subject scanned at 3T and 40 ms temporal resolution. Six baseline
images with different 77 weighting are acquired for each cardiac cycle and used to generate
the apparent 77" maps. The 7" maps depict visually high image quality with homogeneous
T times throughout the myocardium and across cardiac cycles. Accordingly, the resulting
synthetic functional LGE images depict thorough suppression of the healthy myocardial
signal at each phase of the cardiac cycle. Furthermore, clear delineation with respect to the
blood pool is visually apparent.

Figure 4 depicts further examples acquired in two healthy subjects at 3T. Consistent
nulling of the myocardium is obtained in both healthy subjects. Furthermore, homogeneous
contrast with clear depiction of the blood-myocardium contrast is visible throughout the
entire cardiac cycle (Supplementary Video S1). Quantitative analysis of the aCNR between
the myocardium and the blood pool is depicted in Figure 4c. Moderate variation of the
aCNR across the cardiac cycle was observed, amounting to a CoV of 18.2% + 3.51%.

Patient images obtained at 1.5T are shown in Figure 5. Both of these patients were LGE
negative. Although the myocardial signal is visually suppressed in all cardiac phases, noise
variability appears visually higher in some cardiac phases (e.g. phase 3 for both patients).
A cinematographic view of all cardiac phases can be found in Supplementary Video S2.

Figure 6a shows images acquired in a patient with a history of myocarditis and CAD.
Antero-lateral scar is visible in the LGE reference scan. The scar is also visually apparent
in all phases acquired with the proposed method. Better resolution of the scar structure is
achieved with the reference method, and the reference scan appears markedly less noisy.
Two cardiac phases (3 and 6) present patch-like artifacts in the blood pools, as a result of
the contrast synthetization. Scar motility and contrast throughout the cardiac cycle can be
visualized using a cinematographic view of the cardiac phases, as shown in Supplementary
Video S3.

Figure 6b depicts a second CAD patient imaged at 1.5T with 80 ms temporal resolution.
Both conventional and the proposed functional LGE methods display scar in the lateral
segment. Scar tissue can be visually discerned in all cardiac phases of the functional LGE
scan. Thus, scar motility is captured and the displacement can be tracked throughout the
heart-beat (Supplementary Video S3). However, a noticeably higher level of imaging noise
is observed compared with the clinical reference LGE scan. Furthermore, the noise level
appears visually exacerbated in later cardiac phases.
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Figure 7 shows images acquired in two patients 3T with 60 ms temporal resolution. In the
first subject (Figure 7a) lateral scar is visually apparent in functional LGE images. However,
the scar depiction in the high-resolution reference scan is visually superior and the structure
of the scar tissue can be better delineated. Additionally, the functional LGE scan shows
elevated noise variability in some cardiac phases (6 and 11). A two chamber view in the
second patient (Figure 7a) reveals a subendocardial scar, which is not easily discerned from
the blood pool. However, in systolic cardiac phases the scar tissue is well separated spatially
and in terms of contrast, aiding the identification in the functional LGE images.

Figure 8 depicts the quantitative comparison of the aCNR across the different cohorts.
No significant difference was found for the diastolic phase among the different cohorts
(p = 0.90). However, the patient cohorts suffer from substantially lower aCNR in the
systolic phase, as compared with the healthy subject data (p < 0.037), suggesting larger
variability in the aCNR throughout the cardiac cycle.

4 DISCUSSION

In this study, we proposed a method for augmenting LGE imaging with a functional
acquisition. Cardiac phase-resolved LGE images are obtained with consistent contrast
throughout the cardiac cycle.In this study, we demonstrated the feasibility of obtaining
cardiac phase-resolved images with LGE contrast. Semi-quantitative 7}" maps were acquired
in a cardiac phase-resolved manner. Subsequently, synthetic image generation was used to
obtain the clinical LGE contrast that nulls the healthy myocardium for all cardiac phases.
Phantom imaging showed consistent contrast with thorough nulling of the desired signal
using the proposed method. Initial in-vivo results at 3T demonstrate promising image
quality with a temporal resolution of up to 40 ms in healthy subjects. However, initial
clinical data at both 1.5T and 3T shows substantially higher noise levels and reduced
imaging resolution compared to clinical reference LGE images.

Noise susceptibility and imaging resolution remained a challenge in the clinical cohorts
in this study. The drop in image quality in the patient cohort compared to healthy subjects
was likely primarily driven by the much later acquisition time after contrast injection, as
clinical reference LGE scans were always acquired first. Acquisitions late after contrast
injection lead to longer post-contrast 77 times, due to contrast washout. Our simulation
results show that this leads to an overall increase in noise variability with the proposed
technique. While imaging contrast was observed to be largely constant, noise susceptibility
showed major variations throughout the cardiac cycle. Due to the sequence design, each
cardiac phase realizes a different sampling of the inversion recovery curve. Simulation
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results show that cardiac phases, where the minimal TI is close to the null point of the
inversion recovery curve, lead to the highest noise variability. Accordingly, in the patient
cohorts, cardiac phases where the first point on the inversion recovery curve is relatively
late, appear visually most susceptible to noise. In the present method, the signal polarity
is restored prior to fitting using the approach proposed by Messroghli et al. Messroghli
et al. (2004). However, it has been previously reported that this can lead to additional
noise variability if an inversion time near the zero crossing of the inversion recovery curve
is sampled Xue et al. (2013). Accordingly, due to inadvertent sampling of the inversion
recovery curve, salt-and-pepper-like noise and patchy appearance can be observed in these
phases. Using the signal phase to restore the polarity has been proposed as a way to mitigate
those sampling-related artifacts. Incorporating this method into the proposed technique
bears promise to enable more homogeneous noise resilience across the cardiac cycle and
warrants further investigation. While the image quality can still be sufficient to track large
areas of hyper-enhancement throughout the cardiac cycle, improvements in the trade-off
between spatiotemporal resolution and noise resilience and needed to match reference LGE
image quality. An increasing number of methods have emerged that also enable cardiac
phase-resolved 77 mapping, including methods based on cardiac MRF (Hamilton et al.,
2017) and cardiac multi-tasking (Christodoulou et al., 2018). These methods attain better
baseline map quality by means of regularized or model-based reconstructions. Similarly,
regularization approaches have recently been demonstrated to substantially improve noise
resilience in TOPAZ (Moeller et al., 2017; Yaman et al., 2020). Thus, future work is
warranted that integrates regularized reconstruction schemes, as proposed for TOPAZ
or other phase resolved cardiac 77 mapping techniques, to enhance noise resilience and
spatiotemporal resolution.

Functional LGE imaging has the premise of depicting scar at multiple cardiac phases.
Thus, the images allow for cross-comparison of scar signal throughout the cardiac cycle.
This may increase diagnostic certainty if ambiguous enhancement is observed, for example
in the vicinity of the left-ventricular blood pool or close to fatty tissue. Furthermore,
the proposed functional LGE imaging sequence achieved substantially higher temporal
resolution than conventional LGE imaging. In standard clinical LGE imaging, diastolic
triggering is used, requiring careful manual timing to place the acquisition window (~100—
250 ms) into the diastolic quiescence. This temporal resolution might not be ideal when
highly mobile structures, such as the papillary muscles, are to be assessed (Ferreira et al.,
2013). Functional LGE imaging can potentially improve upon these points as a temporal
resolution as low as 40-80 ms was achieved. Additionally, since synthetic LGE images
are available throughout the cardiac cycle, potentially detrimental imaging artifacts due
to incorrect placement of the acquisition window are eliminated. Instead phase-resolved
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imaging ensures that LGE images are provided at the desired cardiac phase with no need
for manual timing. However, additional improvements in image quality may be required to
fully replace the reference LGE scan at least at 1.5T.

The most recent recommendations for clinical CMR include CINE MRI of the left
ventricle and LGE for almost all ischemic and non-ischemic cardiomyopathies (Kramer
et al., 2020a). More specifically, when revascularization is considered, for example, only the
joint evaluation of cardiac function and viability is considered to offer sufficient information
for clinical decision making (Judd et al., 2005). Together, LGE imaging and CINE MRI,
enable the assessment of functional impairment of the scar region and potential links to
any wall motion abnormalities. However, as these scans are commonly acquired with two
separate sequences, cross evaluation can only be performed subjectively. This hampers
the fusion of data and complicates the reading of images. Cardiac phase-resolved LGE
images on the other hand, inherently allow for joint assessment of myocardial function and
viability in scar and surrounding tissue. Furthermore, previous studies have indicated value
of obtaining viability information in parts of the cardiac cycle other than diastole (Reiter
et al., 2014; Varga-Szemes et al., 2017; van Dijk et al., 2018). Specifically, it has been
shown that this may ease the assessment of scar transmurality (Varga-Szemes et al., 2016).
Thus, depiction in multiple cardiac phases as achieved with the proposed method bears
promise for improved clinical certainty in assessing myocardial scar and warrants further
investigation for its prognostic value in the clinical setting. This, however, was beyond the
scope of the current work.

Apparent CNR in functional LGE images between myocardium and blood pool was
found to be moderately variable throughout the cardiac cycle. This is in-line with previous
reports indicating differences in 77 times at different the cardiac phases (MeBner et al.,
2018; Reiter et al., 2014) and might be explained with differences in the blood-myocardium
volume fraction. Due to the non-linear processing of the functional LGE images, noise
variability cannot be obtained from background intensity, but was instead defined as the
spatial standard deviation within the regions of interest. Thus, variability of physiological
and system parameters within the ROI will compromise the reported aCNR values. While
the reported aCNR is useful as a metric to compare contrast throughout the cardiac cycle, it
should be noted that this hampers comparability of the reported aCNR to literature values
of CNR.

The phase-resolved images in this study were acquired with prospective ECG
triggering. Prospective and retrospective triggering has a different spectrum of advantages
and disadvantages for cardiac phase-resolved imaging. Prospectively triggered image
acquisitions have been recognized to be resilient against variabilities in the RR interval,
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as the duration of the systolic phase commonly remains relatively constant (Bluemke
etal., 1997). On the other hand, a prospectively defined acquisition window is commonly
defined to only cover 80-90% of the cardiac cycle. Thus, the end-diastolic phase may
be partially missed, and peak diastolic filling may be underestimated. For those reasons
retrospective CINE is commonly preferred for quantification of cardiac function and is
most commonly used in clinical practice (Kramer et al., 2020b). An increasing number of
techniques enabling cardiac phase-resolved quantification of the longitudinal relaxation
time have recently been proposed (Christodoulou et al., 2018). Those methods can be used
in combination with retrospective cardiac gating, and may therefore warrant investigation
in combination with the proposed approach if the extraction of quantitative cardiac function
is desired.

Imaging in this study was performed in a single mid-ventricular slice only. Thus, the
functional LGE images obtained in this study have not been evaluated for cardiac volumetry.
However, at 3T a temporal resolution up to 40 ms was obtained. This is comparable to
the temporal resolution used for 2D CINE MRI in clinical routine (Kramer et al., 2020a;
Epstein, 2007). At this temporal resolution blurring due to cardiac motion is considered to
be minimal (Usman et al., 2017; Metze et al., 2020; Moghari et al., 2018), making CINE
MRI suitable for accurate assessment of cardiac function. Hence, functional LGE images
may be suitable for quantification of cardiac function, albeit being subject to the specific
drawbacks of prospectively triggered CINE with the current sequence implementation, as
reported for certain patient groups (Menchoén-Lara et al., 2019). Alternatively, retrospective
ECG gating can be employed in the present sequence design. However, the inversion pulse
timing would need to be adapted in real time to ensure the desired semi-quantitative imaging
information. Thus, further improvements to tailor the proposed approach for functional
volumetry remain a subject of future work.

The proposed method synthesizes LGE contrast based on a range of different inversion
contrasts for each cardiac phase. The fusion of multiple data points potentially makes
this approach susceptible to residual motion, for example, due to incomplete breath-holds.
While this has not been observed to be an issue in the present data set, this issue may be
exacerbated in some clinical cohorts. Other previously proposed cardiac phase-resolved 77
mapping techniques have been proposed as a free-breathing acquisition based on self-gating
signals (Christodoulou et al., 2018; Becker et al., 2019; Jaubert et al., 2020). A similar
approach could be employed in this sequence to mitigate the need for long breath-holds,
avoid susceptibility to incomplete breath-holds, and enable increased sequence durations.
Additionally, a range of motion correction techniques has been proposed and successfully
applied to quantitative cardiac MRI (Xue et al., 2012; Roujol et al., 2015; Tao et al., 2018).
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Using these techniques in the proposed method on a phase-by-phase basis to alleviate
residual motion, warrants further investigation.

The proposed functional LGE method relies on selection of a synthetic inversion
time to achieve LGE imaging contrast. In this study, the remote myocardium that
needed to be nulled was visually identified, from which the synthetic inversion time
was generated. Recent advances in machine learning have enabled improved tools for
automatic identification of such tissues. Specifically for cardiac MRI, numerous methods
have been developed to achieve highly accurate segmentation of the cardiac anatomy (Chen
et al., 2020; Tao et al., 2019; Zhang et al., 2018; Yue et al., 2019). Such methods can
be used to automatically delineate the tissue that is to be nulled. Thus, future work will
explore the integration of deep-learning based segmentation to enable automatic selection
of the synthetic inversion time. This would facilitate LGE scanning without the need for
manual timing selection, neither prospectively in the protocol nor retrospectively in the
reconstruction.

Black-blood LGE imaging has recently been developed, based on a combination of 77 and
T5 contrast sensitization (Basha et al., 2018; Kellman et al., 2016). The black-blood contrast
bears promise for improved depiction of sub-endocardial scar neighboring the blood-pool
(Kellman, 2018). Combined methods for simultaneous quantification of myocardial 77 and
T5 times have also been explored (Akcakaya et al., 2015; Jaubert et al., 2020; Hamilton et al.,
2020; Hermann et al., 2021). By exploiting phase-resolved 77 and 75 quantification the
proposed method can potentially be extended for the generation of functional black-blood
LGE images. This combination remains subject of future work.

The present study and the proposed functional LGE imaging method are subject to several
limitations. In this study, only a small number of healthy volunteers was scanned at 3T
and no comparison to healthy subjects at 1.5T has been performed, to minimize the use of
gadolinium contrast agents in a healthy population. Furthermore, the method was evaluated
in a general patient cohort, providing representative examples of feasibility and image
quality as encountered in clinical use. However, more specific and larger patient cohorts
with LGE need to be assessed in order to evaluate prognostic and diagnostic value of
functional LGE as compared to conventional LGE and CINE imaging. In this study only a
single mid-ventricular slice was acquired with proposed functional LGE method. Whole
heart coverage requires repeated breath-holds, which hampers integration in the existing
clinical workflow. Simultaneous-multi slice (SMS) imaging has recently been evaluated for
improved spatial coverage in quantitative mapping of the heart (Weingirtner et al., 2017a;
Bentatou et al., 2020; Huang et al., 2020). In functional LGE imaging SMS can facilitate
improved coverage in fewer breath-holds for the benefit of easing clinical translation. Future
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studies will evaluate the use of SMS accelerated scans to obtain whole heart coverage in
functional LGE imaging.

5 CONCLUSION

We have demonstrated the feasibility of generating functional LGE imaging with temporal
resolution of up to 40 ms. The proposed functional LGE images allowed consistent contrast,
nulling the healthy myocardium throughout the cardiac cycle, as well as clear delineation
of the myocardium against the blood-pool in healthy subjects at 3T. Initial patient images
demonstrate the feasibility of our functional LGE approach to visualize scar motility across
multiple cardiac phases. However, spatial resolution and imaging noise were markedly
worse in the patient cohort, and further improvements are warranted to match reference LGE
image quality. Nonetheless, the proposed technique bears the promise to offer additional
insights by enabling a direct depiction of scar tissue motility.
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FIGURE CAPTIONS

Figure 1. Sequence diagram of the proposed functional LGE sequence. Prior to the
inversion pulses shown, magnetization is driven to pulsed steady-state via repeated FLASH
pulses. Subsequently, an adiabatic pulse is performed to invert the magnetization. Then,
contiguous FLASH imaging pulses are played to read out the magnetization during
its re-recovery to the pulsed-steady state. The acquisition is segmented, thus, multiple
inversion pulses are required to fill the k-space for each cardiac phase. In order to ensure a
dense sampling of the inversion recovery curve for each cardiac phase, the Look-Locker
experiment is then repeated multiple times with varying inversion pulse offset with respect
to the R-wave. As the recovery to the pulsed-steady state spans across two RR-intervals, for
each cardiac phase 7 two inversion times T[;- are acquired per inversion pulse offset. Thus,

atotal of 1 < j < 6 inversion times, are acquired per cardiac phase for three inversion
pulse offsets. Due to the limited number of inversion pulse offsets, a different sampling
of the inversion recovery curve is realized for each cardiac phase, as indicated in the top
right panels. Following the acquisition, a semi-quantitative inversion recovery model is
fit on these multiple inversion points per cardiac phase to synthesize LGE contrast with
suppression of the healthy myocardial tissue.

Figure 2. a) 7| acquired in phantom with the proposed functional LGE sequence. The left
panel shows the maps averaged across the simulated cardiac cycle, while the right panel
displays the variability throughout the cardiac cycle. b) Phantom functional LGE images
with the synthetic inversion time chosen to null the myocardial (lower) sphere. The contrast
to noise ratio between the two spheres is plotted throughout the simulated cardiac cycle.
Shading indicates the spatial variability across the manually drawn ROIs.

Figure 3. The post-processing pipeline for generating the proposed functional LGE images
from the acquired 77 -weighted data. For each cardiac phase, the proposed sequence acquires
multiple images with different 7 weighting, denoted as Baseline Images. A 2-parameter fit
is performed on these images to obtain semi-quantitative 7" maps for each cardiac phase.
Finally, a virtual inversion time is retrospectively chosen to synthesize functional LGE
images for all cardiac phases.
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Figure 4. Representative functional LGE images acquired in healthy volunteers at 3T,
a) subject #1 with heart rate 57 bpm, number of acquisition phases 13, b) subject #2
heart rate 57 bpm, number of acquisition phases 13. Thorough suppression of the healthy
myocardial tissue with sharp delineation against the blood pools is visible for both subjects.
¢) Quantitative analysis of aCNR throughout the cardiac cycle across the six healthy
volunteers. Moderate variation of the aCNR is obtained across the cardiac phases.

Figure 5. Functional LGE images acquired in LGE negative patients at 1.5T with 80 ms
temporal resolution. Compared with 3T visually increased noise is depicted in the 1.5T
images due to reduced baseline SNR at this lower field strength, and later acquisition time
after contrast injection. While, consistent nulling of the myocardium is achieved and the
blood-pools remain clearly depicted. a) Seven cardiac phases were obtained in this patient
with a heart rate of 73 bpm, b) Eight cardiac phases were acquired in this subject with 77
bpm heart rate.

Figure 6. a) Functional LGE images acquired in a 41 year old female patient with known
history of CAD and myocarditis in comparison to a reference LGE acquisition (heart rate 80
bpm, acquisition phases 8). The patient displays a large antero-lateral scar that is visible with
the proposed technique throughout all cardiac phases. Retrospective choice of the inversion
time enables bright scar hyper-enhancement delineated against the remote myocardium.
However, compared to the reference scan, decreased imaging resolution hampers depiction
of the scar structure. b) Functional LGE images acquired in a patient suffering from CAD
and displaying scar in the lateral segment (heart rate 72 bpm, acquisition phases 9). Clear
depiction of the scar tissue is achieved in all cardiac phases, albeit at higher noise levels
compared with the clinical reference scan.

Figure 7. Functional LGE images acquired in two patients at 3T compared to high-
resolution reference LGE images. a) Lateral scar is observed in a 73 old woman (heart
rate 57 bpm, acquisition phases 16), referred to CMR for evaluation of myocarditis and
perfusion defects. The scar tissue is visible in all cardiac phases of the functional LGE scan
acquired at 60 ms temporal resolution, albeit variations in the noise levels across the cardiac
cycle can be observed. In comparison, the high-resolution reference LGE scan displays
much better noise resilience and a finer depiction of the scar structure. b) Two chamber
acquisition in a 58 year-old man (heart rate 64 bpm, acquisition phases 13) referred to CMR
for evaluation of coronary artery disease. The subendocardial scar can be seen in both the
reference and the functional LGE images. Systolic phases of the latter visualize spatially
and contrast the separation of the scar tissue from the nearby blood pool.

Figure 8. aCNR across the different cohorts, analyzed for a diastolic and systolic phase of
the functional LGE scans.

Frontiers 23



TN RSN TR TR BB R BB TEERRRRT BB IR RRRRRRRRL TR R R /IEEERRR . TR TR R R T ETRRRRRY, EBRRRRT R /R B

0 RR 3 RR 4 RR 17 RR 18 RR . Cardiac Phase #1 I
A e R RARAR— = S 4 3¢ KK
= : | 1 TL :

) p /xX | x T Th |

/ / a o -

i : : = ' fw@ |

| : E_'f?ﬁ‘ ' 1|

"‘" | i* 3¢ IR Ji
A e , e s T TR T15 |

" Tl 2 = i i i gt Bl :

fl, k 2 A- &. AJ A, 5 A. : i 9 AiquIred Contrast i
Iwr -.--_l-" _____ -.-.-.-.-_L JJJ | . | E_ | ._ | _Q_gjlirltl:l_:;t}[i Ej?{lt_rflslt_l:
e R i _
RF: lI—I—JM h M h I+I I Iﬁ = I+I JI+I S —

ADC: _mmmm & I . | 0N

Cardiac Phase: #1 #1  #2 #2  #3 #3  #4 #4  #5 #5 o o #l1 #1  #2#2  #B# #HH#H  #H o o
- = - =
K-SpaceLine: #1 #2  #1#2 #1#2 ## ##w F 3w #n #N#n #mw #H#r 35
R i

JInversion Time: TIl TI! TB T TR TH  TIp TI}  TL TE TE T, TET; TLTL TE T 1L 'Th

I

I

I

I

|

I

I

M, : |
LR

I

ECG: /\, AN bR Moy b L /\/ P 5y L L LR |

Xy NN b N N L T, Ny, b h |

I

|

I

I

I

I

I

I

I



“ardiac Phases

7
G
=1)
=
—
W
=
_
>,
N
N
=

T, Maps




a) T, Maps (ms) T, Variability (ms)




a) Subject #1

0 5 10 15 20
Clardiac Phase



Patient #

\g@ ‘;;ge u»

.
3

d

Ve ('e:

) Patient #2

\., : ‘.ﬂm




Patient 7
Functional LGE _ Reference

y) Patient #2
Functional LGE




a) Patient #

| unctlonal LGE All Phases | | Selected Phase ~ Reference
! e (K

0) Patient #2
Functional LGE All Phases Selected Phase Reference

k)




() Healthy Subjects
() Patients 1.5T
() Patients 3T

i

14

12

Diastole Systole




	917180_Manuscript
	Introduction
	Materials and Methods
	Sequence
	Simulations
	Phantom Experiments
	In-vivo Experiments

	Results
	Simulations
	Phantom Experiments
	In-vivo Experiments

	Discussion
	Conclusion

	917180_Figure_1
	917180_Figure_2
	917180_Figure_3
	917180_Figure_4
	917180_Figure_5
	917180_Figure_6
	917180_Figure_7
	917180_Figure_8

