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Cardiovascular magnetic resonance (CMR) protocols can be lengthy and complex, which has driven the research
community to develop new technologies to make these protocols more efficient and patient-friendly. Two dif-
ferent approaches to improving CMR have been proposed, specifically “all-in-one” CMR, where several contrasts
and/or motion states are acquired simultaneously, and “real-time” CMR, in which the examination is accelerated
to avoid the need for breathholding and/or cardiac gating. The goal of this two-part manuscript is to describe
these two different types of emerging rapid CMR. To this end, the vision of each is described, along with
techniques which have been devised and tested along the pathway of clinical implementation. The pros and cons
of the different methods are presented, and the remaining open needs of each are detailed. Part 1 will tackle the

“all-in-one” approaches, and Part 2 the “real-time” approaches along with an overall summary of these emerging

methods.

Introduction

The power of cardiovascular magnetic resonance (CMR) arises from
its sensitivity to a uniquely wide range of physiological processes,
image contrasts, and tissue states. This flexibility enables CMR to vi-
sualize anatomy, measure function and flow, and leverage physical
processes such as nuclear magnetic resonance (NMR) relaxation to re-
veal tissue states including fibrosis and inflammation [1]. However,
while CMR can be used to interrogate a large number of cardiac tissue/
function features, each of these features is typically collected using a
specific CMR pulse sequence [2]. For example, cine sequences are used
to assess cardiac motion and function, contrast-enhanced perfusion

scans for microvascular obstruction, late gadolinium for viability, T;
mapping for infiltrative disease, T, mapping for edema, T,* mapping
for iron overload, etc. [3]. Most of these sequences must be performed
during a breathhold to avoid artifacts due to respiratory motion, and
many are gated such that data are collected only in a specific cardiac
phase. Moreover, conventional CMR acquisitions collect 2D planes
within the 3D structure of the heart, and thus several images must be
collected if the whole heart is being evaluated; a common example of
this is that 12-16 2D slices are collected in cine imaging to show the
motion of the left ventricle from base to apex. In addition, the timing
requirements of certain sequences can further complicate the CMR
protocol. For example, extracellular volume fraction (ECV) mapping

Abbreviations: bSSFP, balanced steady-state free precession; CMR, cardiovascular magnetic resonance; CoV, coefficient of variance; ECG, electrocardiogram; ECV,
extracellular volume fraction; EPI, echo-planar imaging; GRE, gradient echo; IR, inversion recovery; LGE, late gadolinium enhancement; MOLLI, modified Look-
Locker inversion recovery; NMR, nuclear magnetic resonance; PDFF, proton density fat fraction; RF, radiofrequency; SNR, signal-to-noise ratio; SR, saturation
recovery; T2, prepared; 2D, two-dimensional; 3D, three-dimensional; SASHA, saturation recovery single-shot acquisition; SAPPHIRE, saturation pulse prepared heart
rate independent inversion-recovery sequence; QALAS, quantification using an interleaved Look-Locker acquisition sequence with a T2 preparation pulse; GraSE,
gradient- and spin-echo; MRF, magnetic resonance fingerprinting; FLASH, fast low angle shot; DL, deep learning; Al, artificial intelligence; PACS, picture archiving
and communication system; DICOM, diagnostic imaging and communications in medicine; RGB, red, green and blue; CMYK, cyan, magenta, yellow and key
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and late gadolinium enhancement (LGE) imaging require imaging at
specific time points after the injection of contrast agent; the subsequent
time spent waiting for the appropriate contrast to develop can also
prolong exams.

As conventional CMR examinations require multiple images, each
with a different contrast, in a different breathhold, over the entire 3D
volume of the heart, CMR protocols can become quite long; many in-
stitutions plan 45-60 min per patient, and even these timeframes may
be regularly exceeded in uncooperative patients or those with unusual
anatomy. The expense and training required to successfully administer
this long series of scans has made it difficult for CMR to grow beyond
advanced academic medical centers. This limits its accessibility to large
portions of the population in both high and low resource areas. Thus,
there is an open need for rapid approaches for CMR acquisitions, both
to reduce the acquisition time for individual images and sequences, and
also to reduce the length of the overall protocol.

In recent years, several different schools of thought have emerged
for reducing the length of CMR exams. One basic approach is to tailor
the protocol specifically for a narrow clinical question, reducing the
number of individual sequences that are used. As an example, a well-
constructed 30-minute CMR exam [4] has been developed which can
address a significant number of clinical indications. While this approach
is used in many institutions, researchers are devising novel techniques
to collect all contrasts in a more efficient manner. These techniques fall
roughly into two categories: “all-in-one” approaches and “real-time”
approaches. In the “all-in-one” approach (also referred to as SMART
CMR [5]), novel sequences are designed to capture multiple forms of
information simultaneously; in the most extreme case, motion fields
and maps for tissue characterization could be acquired over the whole
volume of the heart in a single comprehensive acquisition. In the “real-
time” approach, each individual sequence is collected more rapidly,
often fast enough to remove the need for breathholding and electro-
cardiogram (ECG) gating, thereby making the entire protocol much
more efficient. Neither of these approaches has yet been fully deployed
clinically due to associated technical challenges, but significant pro-
gress has been made towards portions of each type of novel protocol.

The goal of this two-part manuscript is to describe these two dif-
ferent types of emerging rapid CMR protocols, namely the “all-in-one”
and the “real-time” approaches. To this end, the vision of each is de-
scribed, along with techniques which have been devised and tested
along the pathway of clinical implementation. The pros and cons of the
different methods are presented, and the remaining open needs of each
are detailed. Part 1 will tackle the “all-in-one” approaches, and Part 2
the “real-time” approaches along with an overall summary of these
emerging methods.

“All-in-one” CMR
Vision of an “all-in-one” CMR protocol

As described in the Introduction, the strength of CMR is its ability to
capture multiple types of information about the health of the heart
using a single imaging modality. However, this flexibility can be seen as
a “double-edged sword”: because CMR scans are sensitive to a wide
range of physiologically relevant effects, each of these effects may be-
come a confounder when attempting to capture a specific aspect of
cardiac health. Consider cardiac motion—although imaging motion is
essential for the assessment of cardiac function, this same process is
typically treated as a troublesome generator of artifacts when collecting
images for tissue characterization. The standard approach is shown in
Fig. la, where a different dedicated pulse sequence independently
targets relevant physiological processes one-by-one. Here it can be seen
that cine images and maps of quantitative parameters like Ty, T, To* or
ECV are each acquired using a specialized pulse sequence [6], usually
during breathholds. This chain of serial acquisitions can lead to po-
tential biases from un-mapped parameters, lack of co-registration
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between maps and images with different contrasts, and long scan times.
These individual pulse sequences are carefully (sometimes pre-
cariously) timed to remove or ignore confounding effects—after which
the technologist must go back and target these previous “confounders”
by applying a different dedicated pulse sequence in a later scan. For
example, T; recovery is treated as a confounder in cine, T, mapping,
and perfusion scans, but is the sole focus of T; mapping scans because of
its utility as a biomarker for fibrosis, fat infiltration, iron deposition,
and more. This strategy to purposefully avoid collecting multiple forms
of clinically useful information, and to not share common imaging in-
formation between scans, is naturally inefficient, leading to long serial
exams.

An alternative to imaging using consecutive sequences is to use an
all-in-one approach (Fig. 1b). Rather than serially interrogating one
process at a time, several recently introduced imaging frameworks have
shown it is possible to simultaneously image multiple processes—mo-
tion, relaxation, contrast agent dynamics—as they co-occur. The ulti-
mate vision of an “all-in-one” CMR protocol is a single sequence that is
sensitive to all clinically relevant tissue properties for a particular pa-
tient, and which collects data during free-breathing and without the
need for ECG gating. Note that “all-in-one” need not be “one-for-all”:
this approach can be patient-centric, aiming to replace an individual
patient’s serial exam with a single, tailored sequence, rather than ser-
ving as a standardized examination. If acquired in 3D, volumetric
imaging would eliminate the need for the collection of individual 2D
slices, as the 3D volumes can be reformatted into 2D images in any
orientation showing the anatomy of interest. However, 2D imaging may
be considered “all-in-one” if 3D coverage is not required to answer the
clinical question, e.g. monitoring a targeted region of interest with
known location. The more important feature of an “all-in-one” exam is
the simultaneous, interleaved acquisition of multiparametric data
during motion. By jointly processing these data, maps of all relevant
tissue properties can be generated along with cine images showing the
motion of the heart and even respiratory-resolved images. This multi-
plexed imaging is attractive as an alternative to conventional CMR as it
may be more efficient, easier to perform at the scanner, and produce
natively co-registered images ready-made for multiparameter analysis.

The following sections will describe several recent approaches for
“all-in-one” CMR, the strengths and weaknesses of these approaches,
and additional challenges which must be tackled before they can be
translated for clinical use.

Existing methods for “all-in-one” cardiac imaging and existing validation

Achieving all-in-one CMR requires advances in pulse sequence de-
sign, image reconstruction, and image analysis. Several imaging fra-
meworks have been developed in recent years which combine advances
in all of these areas to lay the groundwork for all-in-one imaging.

The first joint methods targeted efficient myocardial tissue char-
acterization. Most of these early approaches were designed to sample a
few contrast-weighted images, from which several parameters of in-
terest could be derived (usually via exponential fits). Note that none of
these examples enables full “all-in-one” scanning, but each demon-
strates that several different types of information may be collected si-
multaneously, the first step towards the desired “all-in-one” CMR exam.
One of the first methods to be described combined inversion recovery
(IR) and T, preparation (T2prep) modules, commonly used to encode T,
and T, into a single, free-breathing, interleaved acquisition [7] (Fig. 2).
This strategy enabled co-registered maps with a spatial resolution of
1.3 x 1.3 x 8 mm?® to be derived from a single (navigator-gated) free-
breathing acquisition of ~3 min. Estimated T; and T, values were in
agreement with literature values, with coefficients of variance (CoVs) of
~4.6% and ~ 2.6%, respectively. The combination of IR and T2prep for
parametric encoding has been used in several studies [10,11,8,9], using
both exponential fitting and dictionary matching, and have provided
high-accuracy cardiac T; and T, quantification [12-15]. Joint T;/T,



A.G. Christodoulou, G. Cruz, A. Arami et al.

Journal of Cardiovascular Magnetic Resonance 26 (2024) 100997

T1 T2

a) Cine Flow .
mapping

mapping

Perfusion | [Pause] ECV LGE

All-in-one
(Cine, Flow, T1, T2, Perfusion, LGE, ECV)

Perfusion
(first-pass)

Cine, Flow

c) Mapping
(settling)

(pre-contrast)

ECV, LGE
(steady-state)

Fig. 1. Conceptual examples of the (a) one-by-one serial scan protocol and (b) all-in-one exam protocol. (c) A “tilted” all-in-one protocol further considers the
limitations posed by contrast agent dynamics. ECV: extracellular volume fraction, LGE: late gadolinium enhancement.

estimation has also been developed using saturation recovery (SR) in-
stead of IR, acquired in a single breath-hold [16], achieving a resolution
of 2 x 2 x 8 mm® with a scan time of ~13s. Negligible biases were
observed relative to saturation recovery single-shot acquisition
(SASHA; ~ —9.6 ms) and T2prep-balanced steady state free precession
(bSSFP; ~0.7 ms) for T; and T, respectively, along with similar pre-
cision (estimated via the standard deviation in each heart segment). A
similar approach is followed in [17], further incorporating variable flip
angles for increased precision, enabling the estimation of T; and T,
values with a resolution of 1.4 X 1.9 x 8 mm® in a ~11 s breath-hold.
Non-significant differences were observed in T; relative to SASHA
(~4 ms), however T, was significantly higher than linear-order T2prep-
bSSFP (~4.6 ms); corresponding CoV were ~3.3% and ~6.7% for T,
and T, respectively.

Although ECG-triggering is commonly used to freeze cardiac mo-
tion, several forms of mapping have been demonstrated in a “free-
running” (albeit breath-held) approach. For example, IR and continuous
bSSFP readouts have been used for T; and T, encoding, and non-rigid
registration is used to account for cardiac motion [18], achieving a
resolution of 1.7 x 1.7 x 8mm?® in an ~8s breath-hold. Only small
biases were measured relative to modified Look-Locker inversion re-
covery (MOLLI; ~ 2ms) and T2prep-bSSFP (~0.7 ms); CoVs were
~3.2% and 6.3% for T, and T, respectively. IR-prepared, free-running
strategies have also been explored to assess both T; and functional in-
formation in single breath-hold [19]. By ensuring that each cardiac
phase has the appropriate T; encoding it is possible to obtain cardiac
resolved T; maps, at a resolution of 1.9 x 1.9 x 10 mm° in a breath-
hold of 17-23s. T; values were ~7% lower than saturation pulse
prepared heart rate independent inversion-recovery (SAPPHIRE) T,
mapping, with apparent precision varying from 100-150 ms (increasing
with the cardiac phase). Similar ideas have been explored to produce
simultaneous T, mapping and cine imaging during free-breathing and
without gating, using self-gated image navigators to derive respiratory
and cardiac motion states and a dual flip-angle sequence to correct for
B; + [20], a common confounding factor in parametric mapping. This
approach enables the collection of maps with a resolution of
1.5 x 1.5 x 8mm?®in a ~30s free-breathing scan (with a positive bias
of ~94 ms reported relative to MOLLI). Yet another approach for cine
and cardiac resolved T; mapping combines the free-running IR pre-
pared sequence with a model-based reconstruction acquired in a 16
breathhold [21] with a resolution of 1.3 x 1.3 x 8 mm°®. A positive bias
of ~80 ms relative to MOLLI was observed, with an apparent precision
in the range of 57-65 ms, depending on the cardiac phase. Model-based
formulations allow for high acceleration factors and have demonstrated
high resolution (1 x 1 x 8 mm®) T; mapping in ~4s scan time [22],
with negligible biases relative to MOLLI (~20ms) and a CoV of ap-
proximately 3%. Joint T,/T5/T>* mapping has been demonstrated in
free-breathing using SR, T2prep, multi-gradient-echo and navigator
gating, for 2x2x8 mm® resolution multi-parametric mapping in a

~26.5s scan [23]. Minor differences were observed relative to SASHA
(~30ms), T2prep-bSSFP (~0ms) and multi-echo-gradient-echo
(~1.5ms), for Ty, T, and Ty*, respectively; corresponding precisions
were ~68ms, ~1.1 ms and ~ 3.3 ms.

The methods mentioned above can be used to collect multiple forms
of tissue property information from 2D slices. However, expanding on
these 2D approaches, there have been developments for 3D multi-
parameter mapping. Full heart coverage is generally desirable in CMR,
but further sequence considerations must be addressed, as the length of
the breath-holds that would be required for clinically-acceptable re-
solutions and coverage are not feasible. Sequences that employ cardiac
triggering and/or respiratory gating can be used, but may suffer from
inaccuracies in the presence of arrhythmias and/or impractical scan
times. Nevertheless, full left ventricular T;/T, mapping (with between
10-13 slices to achieve full coverage) has been obtained in a single
breathhold using IR/T2preps [24,25]; Fig. 3 shows an example of 3D
maps collected using the 3D-quantification using an interleaved Look-
Locker acquisition sequence with a T2-preparation pulse (3D-QALAS)
approach. Preliminary clinical evaluation demonstrated 3D T; and T,
mapping with a resolution of 2 X 2 x 12 mm?® in a ~17 s breath-hold,
with negligible biases for T; (~ —7.3ms) and T2 (~0.1 ms) [26]. SR/
T2prep sequences have also been evaluated for 3D free-breathing T,/
T,, in combination with navigator gating and fat suppression [27,28].
In such an approach, 3D T; and T, maps can be obtained with a re-
solution of 1.5 x 1.5 x 16 mm® in a ~8 min scan time. Both T; and T,
values were in agreement with literature values, with reported CoVs of
~6.0% and 10.2% for T; and T, respectively. Isotropic water/fat se-
parated T; and T, maps have also been obtained in 3D under free-
breathing using IR/T2preps and image navigators for respiratory mo-
tion correction [29], achieving a 2 x 2 x 2 mm® resolution in a
~9min scan time. A positive bias relative MOLLI was reported
(~101ms), along with a minor bias relative to T2prep-bSSFP
(~ —0.8 ms); corresponding precisions were 55ms and 3.9 ms for T;
and T,, respectively; example T; and T, maps along with fat and water
images generated using this technique are shown in Fig. 4. Isotropic T
and T, mapping and cine have also been demonstrated in free-breathing
using a 3D self-navigated golden radial trajectory and respiratory mo-
tion correction, offering a 2 x 2 X 2 mm?® resolution in an ~11 min
scan time [30]. This study also reports a positive bias relative to MOLLI
(~140ms) and a negative bias relative to T2-gradient- and spin-echo
(GraSE; (~ —4.4ms), with precisions of ~30ms and ~1.9ms for T;
and T, respectively.

Unlike the approaches described above, techniques like magnetic
resonance fingerprinting (MRF) follow a different paradigm, where
unique information about tissue properties is collected throughout the
pulse sequence [31]. MRF leverages incoherent artifacts due to irre-
gular spatial encoding along with dictionary template matching to en-
able parametric mapping from highly undersampled data [32-34].
Cardiac MRF [35] was initially proposed for mapping T; and T in 2D
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Fig. 2. Interleaved T,/T, cardiac parametric mapping. a and b) The joint T;/T» mapping framework employs a combination of inversion recovery and T, preparation
pulses to encode T; and T,, and respiratory navigators to compensate for breathing motion. ¢) T; and T, contrast weighted images acquired at different heartbeats
that are used to map T; and T, d) Representative T; and T, maps obtained. AQ: acquisition; Nav: respiratory navigator; TE: echo time; TL: inversion time

Figure reproduced with permission from [7].

using an IR/T2prep sequence similar to [7], but with a model-based and T, at a resolution of 1.6 X 1.6 x 8mm® in a ~16s breath-hold.
reconstruction using dictionaries simulated using the Bloch equations Minimal differences were reported relative to MOLLI (~1ms) and
(Fig. 5). The original MRF approach in the heart was used to estimate T; T2prep-bSSFP (~ —2.6 ms); corresponding precisions were ~71 ms
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The flexibility of the MRF framework has facilitated the development of
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Fig. 3. 3D-QALAS images from a healthy volunteer.
The thirteen 3D-QALAS short axis slices T; maps (left)
and T, maps (right) of the left ventricular myocardium
are shown. Slice 8 is shown on a larger scale. The gray
scale indicates 0-2000 ms for T; and 0-300 ms for Ts..
3D-QALAS: 3D quantification using an interleaved
Look-Locker acquisition sequence with a T2-prepara-
tion pulse.

Figure reproduced with permission from [25].

several different forms of multi-parametric mapping in the heart [37-
39]. 2D Water/fat separated T,/T maps collected in a breath-hold have
been demonstrated using both radial [40] and rosette [41] trajectories,
showing good agreement with conventional (separate) mapping
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Fig. 4. Co-registered 3D bright-blood dataset (Ta-
prepared), fat volume, and T; and T, maps obtained
with the proposed approach and reformatted in dif-
ferent orientations (coronal, 2-chamber, 4-chamber,
and short-axis) for 1 representative healthy subject.
Good depiction of cardiac structure such as right cor-
onary artery and papillary muscles is achieved in the
bright-blood dataset. Good water/fat separation is
obtained across the whole 3D volume, and uniform T;
and T, quantification are shown in the different or-
ientations. CMRA: contrast magnetic resonance an-
giography

Figure reproduced with permission from [29].
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methods. The former approach [40], acquired maps with a resolution of
2 x 2 x 8 mm® in a ~15s breath-hold. T; biases of ~ — 80 ms and
~20ms were observed relative to SASHA and MOLLI, and a bias of
~ — 9ms was observed relative to T2-GraSE; corresponding precisions
were ~49ms and ~4.6ms for T; and T,, respectively. In the latter
approach [41], a resolution of 1.6 X 1.6 X 8 mm® was achieved in
~15s breath-hold. Similar results were observed, with a positive bias
reported relative to MOLLI (~130 ms), and a negative bias relative to
T2prep-fast low angle shot (FLASH) (~ —6 ms). Improved coverage for
T1/To MRF has been obtained with simultaneous multi-slice acquisi-
tions [42], where three slices can be mapped together in a single
breath-hold while maintaining similar performance to previous
methods. In preliminary studies on healthy subjects [43], T;/T» cardiac
MRF has compared favorably against reference methods in terms of
image quality assessment. Initial studies in non-ischemic cardiomyo-
pathy patients have shown similar mapping performance between MRF
and corresponding references (despite the shorter scan time of MRF)
[44]. T,/T,/PDFF (proton density fat fraction) cardiac MRF has also
been validated in healthy subjects and patients, indicating improved
mapping for MRF relative to references due to the removal of fat as a
confounding factor from the water-only T; and T, maps [45]: [46]. This
framework has been further extended to T;/T»/T>*/PDFF mapping in a
single breath-hold using an increased echo-train for T>* encoding, en-
abled by a cardiac motion corrected acquisition window [47]. Here,
maps with a resolution of 2x2x8 mm® were acquired in an ~18s
breath-hold. Biases were measured versus MOLLI (~90 ms), T2-GraSE
(~ —8ms), 8-echo GRE (~ —4.4 ms) and 6-echo GRE (~0.5%) for Ty,
T,, T, *and PDFF, respectively. Corresponding precisions were,
~47 ms, ~4.1ms, ~7.8ms and ~2.7%. T1/T5/T;, cardiac MRF with a
resolution of 2x2x8 mm? has also been demonstrated using a combi-
nation of IR/T2prep/spin lock preparations in a ~16s breath-hold
[48]. A bias of ~52ms was reported relative to MOLLI, ~ — 10 ms
relative to T2-GraSE and ~ — 7.4 ms relative to T;,-TFE, for Ty, T, and
Ty, respectively; corresponding CoV were ~6.0%, ~9.3%
and~12.6%. The MRF framework has also been used to develop si-
multaneous T; and T, mapping along with cine imaging using spiral
[49] and radial [50] trajectories within a breath-hold, where both have
reported good agreement with reference methods. In the former, en-
coding is achieved via IR and T2preps, followed by registration prior to
dictionary matching. In the latter, encoding is achieved with IR and
high flip angles, using only cardiac resolved reconstructions. T; and T,
mapping with MRF has also been extended to 3D free-breathing ac-
quisitions [51,52], where elastic motion fields are estimated from the
data itself and used to correct for the respiratory motion. Here, 3D T;
and T, maps with a resolution of 2 x 2 x 8 mm® are obtained in
~7 min scan time. A positive bias of ~25ms and ~ — 8 ms was ob-
served relative to MOLLI and T2-GraSE; corresponding precisions were
~61 ms and ~4.7 ms for T; and T, respectively.

Virtually all cardiac MR applications need to address respiratory and
cardiac motion. In the context of parametric mapping, these are gen-
erally managed with a combination of ECG-triggering and breath-holds,
although some approaches employ gating or motion correction.
However, the desired “all-in-one” approach would not be complete
without the ability to assess at least cardiac motion in place of standard
cine imaging. In an “all-in-one” protocol, this challenge can be tackled
by noting that all the varying contrasts and motion states belong to the
same underlying heart, and therefore are connected. Multitasking [57]
exploits this redundancy by formulating the reconstruction of each of
these factors as a tensor, where each dimension captures a main mode
of variation in the data (e.g. spatial information, T; contrast, T, con-
trast, respiratory motion, cardiac motion, etc.) (Fig. 6). As such, each
image in this tensor (i.e., with a given contrast, in a given motion state)
can be written as a linear combination of the images from all other
contrast/motion states, as long as the tensor’s subspaces are known
(which can generally be estimated either by theoretical models or from
the data itself). This Multitasking formulation has enabled respiratory
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and cardiac resolved T,/T» mapping under free-breathing and without
ECG, turning the challenge of motion into a data feature. The first
multitasking study provided (cardiac-resolved) T;/T» maps at a re-
solution of 1.7 X 1.7 x 8 mm® in an ~ 88 s free-breathing scan. A bias
of ~ — 31 ms was reported relative to MOLLI and ~ 2.5 ms relative to
T2prep-bSSFP; corresponding CoVs were ~6.3% and ~11.4% for T,
and T,, respectively. Joint T;/B; corrected multitasking has been de-
veloped using a dual flip angle approach, for improved T; mapping with
a1.7 x 1.7 x 8 mm?® resolution in ~60s; reported T; values ~350 ms
higher than MOLLI (more in line with typical SASHA values), with a
CoV of ~4.4% [58]. This approach has been combined with simulta-
neous multi-slice T;/T,, allowing for respiratory and cardiac motion
resolved T;/T, in three slices from a 3 min scan [59]. Here, T; and T,
values were slightly lower than MOLLI (~ — 25 ms) and T2prep-FLASH
(~ —1.2ms), with corresponding CoVs of ~4.7% and 8.9% for T; and
T,, respectively. Motion-resolved T; and ECV with Multitasking have
been validated with infarction patients in a preliminary study, de-
monstrating good agreement with the reference [60], as well as histo-
logically in a rat model of heart failure with preserved ejection fraction,
correlating with Masson’s trichrome stain for fibrosis [61]. Motion-re-
solved whole left ventricular diffusion tensor imaging has been
achieved with Multitasking, using slice selective excitations, multi-slice
EPI readouts, and auxiliary respiratory motion correction [62]. Dy-
namic T; mapping for cardiac-resolved quantitative perfusion imaging
with Multitasking showed high repeatability in healthy subjects [57].
Finally, cardiac resolved T;/T,/T,*/PDFF has also been demonstrated
with Multitasking [63], using IR and hybrid T2IR modules, radial
readouts, and multi-echo GRE with a resolution of 1.7 x 1.7 x 8 mm?>
in a scan time of ~150s. This study reported a bias of ~ 60 ms relative
to MOLLI, ~ — 3.1 ms relative to T2prep-GRE, ~1.3 ms relative to 8-
echo GRE and ~ — 1.1% relative to 6-echo GRE for T;, Ty, To* and
PDDF, respectively. Corresponding CoVs were ~5.1%, ~6.7%,
~14.4% and ~72.3%. While quantitative cardiac multitasking has
only been reported for 2D and multi-slice 2D imaging, qualitative 3D
imaging [64] and quantitative proofs-of-concept [65] have been de-
monstrated in the heart, and quantitative 3D versions have been vali-
dated in other moving organs [66]. Given that more conventional
quantitative mapping approaches have been used to collect 3D maps of
multiple tissue properties, including T, [67], T, [68], and Ty, [69], the
transition from 2D to 3D all-in-one acquisitions is fairly straightfor-
ward.

The complexity of the acquisition and reconstruction of “all-in-one”
processes, along with the need for patient-specific dictionaries have
challenged their clinical deployment. However, recent developments in
artificial intelligence/deep learning (AI/DL) have been incorporated to
overcome some of these challenges [53]. As an example, deep learning
has been used to reduce the time needed to generate cardiac MRF
dictionaries from 158s to 0.8 s [54]. Deep learning has been used to
bypass the need for dictionaries in MRF altogether, resulting in shorter
reconstruction times; in the case of spiral MRF, the reconstruction time
was only 76 ms with DL compared to 380s with conventional ap-
proaches [55]. While not yet feasible for clinical use due to the com-
putational time needed, deep image prior reconstructions of cardiac
MRF data may enable data collected over shorter breathhold durations
(5 heartbeats instead of 15) and diastolic scan windows (150 ms instead
of 250 ms) to be processed into more accurate tissue property maps
than those generated using non-Al approaches [56]. Future combina-
tions of AI/DL techniques may eventually enable more tissue properties
to be extracted from more rapidly collected datasets in a subsecond
reconstruction time, further assisting in clinical translation.

Advantages and disadvantages of all-in-one cardiac exams
compared with conventional CMR

All-in-one CMR exams have the potential to offer an array of ben-
efits for patients, radiographers, and physicians due to shorter scan
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times, simpler patient preparation and localization, and less complex
multiparametric analysis, respectively. However, some aspects of an all-
in-one examination may be more challenging than when working with
a conventional CMR protocol. Thus, advantages and disadvantages of
this approach must be carefully considered when moving to clinical
application. An overview of advantages and disadvantages of “all-in-
one” type acquisitions is given in Table 1, and the most important are
discussed below.

Advantages of all-in-one exams

All-in-one exams are specifically designed to acquire a range of
contrasts from a single scan; because all reconstructed images are based
on the same data, they are intrinsically co-registered. Depending on the
implementation, this can mean obtaining co-registered viability and

tissue characterization scans, or motion-resolved acquisitions for func-
tional and viability imaging, or a whole range of other properties.
Obtaining all data in a co-registered manner allows for straightforward
cross-evaluation of different contrasts, which may substantially ease the
evaluation and post-processing of the images. In particular, with the
emergence of ever more powerful machine learning-based post-pro-
cessing techniques [70], the co-registered and unified data basis of all-
in-one exams may be key to facilitating reliable and automatic diag-
nosis in the future [71,72].

In all-in-one sequences, many relevant dimensions of physiological
and signal variation can be extracted from a single dataset. This feature
can be used to circumvent the need to control for these factors. For
example, respiratory motion-resolved acquisitions alleviate the need for
breath-holds and the accompanying scan time restrictions, whereas
cardiac phase-resolved acquisitions can circumvent the need for ECG
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Table 1
Advantages and Disadvantages of an “All-in-One” CMR protocol.
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Advantages

Disadvantages

Co-registered Tissue Property Maps
All-in-one methods enable co-registered and unified quantification of multiple tissue
property maps from a single scan

Flexible Sequence Design

All-in-one methods enable more flexible and customized sequence designs with
minimized scan times by avoiding the need for rest-periods and using all
collected information for joint reconstruction of multiple maps

Acquisition efficiency/Synergy

All-in-one methods allow for optimal use of redundancies and cross-utilization of
contrast information for high scan time efficiency

Quantification Dependency

All-in-one methods require careful consideration of how the sequence design
affects the contrast and quantification accuracy/precision, as different readouts,
preparation modules, trajectories and imaging volumes may introduce
confounding factors or dependencies

Only resilient against the modelled factors

All-in-one methods suffer from compromised accuracy if relevant effects
contributing to the acquired signal are not explicitly modelled or corrected

Computational complexity and artifact sensitivity

All-in-one methods process a large, single set of data, which may pose
computational challenges and render the acquisition sensitive to corruption by
artifacts or motion

triggering and measurements of the longitudinal relaxation time can
often replace recovery periods. Resolving the dimensions of variability
may enable more flexible sequence designs in terms of scan times or
contrast weightings beyond conventional signal models. This poten-
tially allows for tailoring the sequence weightings and tuning the de-
sired precision or image quality in different contrasts to the specific use
case. In short, the acquisition could be designed to last only as long as
necessary to collect the required information for the clinical question,
resulting in minimized scan times for each specific patient.

In all-in-one acquisitions, all data is processed together for image
reconstruction. Thus, the ideal use of redundancies among the contrasts
can be exploited. For example any image acquired in diastole can be
used to assist in the characterization of diastolic function. However, in
conventional protocols, the only images used for functional analysis are
the cines; other high resolution diastolic images are ignored. Another
example in traditional MR methods is that similar contrast information
is reacquired over and over again, for example the fully relaxed mag-
netization My, which is often important for quantification. All-in-one
exams provide a unique opportunity here to cross-utilize this informa-
tion for more than just one contrast, enabling to extract comprehensive
multi-parameter information at the upper limit of achievable SNR per
scan time.

Disadvantages of all-in-one exams

In all-in-one acquisitions, all aspects of the sequence are tightly
coupled to the contrasts that can be extracted. Thus, the acquisition
itself may affect quantitative measurements by necessitating to resolve
more dimensions or by introducing confounders. For example, with
conventional quantitative techniques in the heart, the contrast is often
created through the use of preparation modules such as inversion or
T2prep modules, the imaging readout is decoupled from the contrast
preparation to obtain optimal image quality. In all-in-one acquisitions,
the imaging readout and its effect on the magnetization are intertwined.
For example, the use of bSSFP readouts is only possible when ac-
counting for T, and off-resonance effects, while many spoiled acquisi-
tion readouts can only be used accurately when accounting for
B1 + inhomogeneities. In another example, the use of preparation
pulses, such as inversion pulses, may introduce T;, decay during the
pulse or other imperfections as confounders. Complex trajectories may
lead to differential contrast depending on the amount of spoiling or
rewinding. Similarly, the imaging volume (2D vs 3D) directly affects
what contrasts can be obtained with the all-in-one technique. For ex-
ample, 3D imaging might be required in order to accurately model the
magnetization history of tissues affected by cardiac or respiratory mo-
tion, or flow.

The fact that all-in-one exams sample a great amount of data to
capture a variety of physiological parameters can cause a computa-
tional bottleneck. All of the data must be processed together, which for

some models comes at the price of high computational complexity. This
often necessitates either simplifications or leads to extraneously long
reconstruction times. What is more, as the entire scan forms a single
data set, it is prone to corruption. Problems with various artifacts, such
as radiofrequency (RF) zippers, can contaminate the entire scan, and if
these errors go unnoticed, may require that the entire scan be repeated.
This may be particularly important in the case of motion artifacts,
where the effect size can be exacerbated over longer time spans, due to
position drifts or patient motion. Thus, the acquisition of a continuous
data block may prove both to be a time advantage but also a risk and a
bottleneck in realizing quick and reliable cardiac CMR in the future.

Open needs before an “all-in-one” protocol could be deployed

Despite the significant advances in pulse sequence design and in-
formation extraction methods described above, there are still chal-
lenges to overcome before all-in-one protocols could be used to replace
serial protocols in the clinic. These open problems are opportunities for
both technical and clinical research as well as commercial develop-
ment.

Full all-in-one development

In a true all-in-one exam, a single scan would replace every mea-
surement currently used as part of today’s clinical protocols. By this
standard, even the most highly-multiplexed sequences available today
only achieve “several-in-one” scanning. For example, it is now possible
to combine cine imaging with native multiparameter relaxation map-
ping, but these methods have not been integrated with high-dimen-
sional flow and contrast-enhanced imaging. Current techniques will
need to be augmented to either address contrast agent dynamics or to
integrate non-contrast replacements such as arterial spin labeling or
virtual enhancement from native multiparameter images [73]. Al-
though cardiac motion can be captured in emerging high-dimensional
mapping techniques, these sequences will not replace current clinically
available cine protocols until they are available as whole-heart proto-
cols with spatiotemporal resolution matching that of standard cine se-
quences.

An important consideration in such an “all-in-one” protocol is the
administration of contrast agents. Non-contrast protocols have no fun-
damental limitation to how many scans can be multiplexed into one.
However, contrast scans such as perfusion and LGE imaging are a core
part of clinical CMR offerings. These types of scans have the potential to
be accommodated in all-in-one protocols by treating the wash-in and
wash-out of contrast agent throughout the entire exam as a single non-
repeating dynamic process which overlaps with the faster repeating
dynamic processes of motion, relaxation, and flow. One such con-
struction (Fig. 1c) groups native tissue characterization into a pre-
contrast phase, perfusion into the first-pass of contrast agent, cine and
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flow during settling of contrast agent, and ECV mapping and LGE into
the steady-state contrast phase. While this is one option that has been
proposed, the optimal timing of contrast agent delivery and re-
construction approach for extracting relevant information has yet to be
fully explored.

Clinical validation and integration

Prior to wide clinical deployment, methods must be extensively
validated in heterogenous multicenter studies, and be seamlessly in-
tegrated into existing clinical imaging workflows. Achieving this in-
tegration will require advances in fast in-line image reconstruction,
efficient picture archiving and communication system (PACS)-compa-
tible storage, and high-dimensional display tools. Image reconstruction
speed has already dramatically improved in a few short years, espe-
cially with the use of supervised deep learning architectures
[54,74,75,9]. However, supervised deep learning methods heavily rely
on access to large volumes of high-quality training data, which may not
be readily available. Further, these methods may not generalize well to
different imaging contexts or diverse patient populations outside of the
distribution of their training data. Recognizing these limitations, some
researchers have explored unsupervised or self-supervised methods
[53,56,76,77]. Although these methods are typically slower than their
supervised counterparts, their independence from training data may
offer greater flexibility across different contexts. Regardless of the su-
pervision strategy, the field would benefit from a shift toward ex-
plainable AI that can provide more interpretable results, confidence
estimations, and understandable algorithms, increasing trust for wider
clinical adoption. In-line integration of deep learning reconstruction
methods into scanner image reconstruction pipelines is currently un-
derway through flexible reconstruction platforms such as Gadgetron
and similar vendor-provided options [78]. However, the general-
izability and portability of these in-line workflows to multiple centers is
still not fully established.

As all-in-one protocols increase in dimensionality to incorporate
additional contrasts, flow, and contrast agent dynamics, the number
of images they generate per scan can grow exponentially. It will no
longer be practical to store DICOMs of every individual image.
However, all-in-one imaging methods already leverage low-di-
mensional models (e.g., nonlinear physical models, sparse re-
presentations, and low-rank decompositions) during image re-
construction to generate images from limited k-space data. These
same low-dimensional models could be used as compressed storage
formats. This would constitute lossless compression of the re-
constructed images whenever the storage model matches the model
already imposed during image reconstruction. In practice, digital
imaging and communications in medicine (DICOM) containers
could store model parameters—parameter maps for physics models,
nonzero values and locations in the transform domain for sparse
models, and decomposed factors for low-rank models—and quickly
decompress images on-the-fly as specific image contrasts or motion
states are requested by the viewer.

With these increases in dimensionality, further challenges also arise
in image display [79]. New interfaces to handle multiple parameters
and time dimensions should be integrated into display software. Image
fusion of synchronized, co-registered images should be established to
allow simultaneous multiparameter reading. Multichannel colorspaces
such as red, green and blue (RGB) and cyan, magenta, yellow and key
(CMYK) offer relatively straightforward parameter fusion by assigning
one parameter per channel, but can only represent three and four
parameters, respectively, which is soon to be out-paced by all-in-one
protocols. In the longer term, establishing a conversion from multiple
complementary biomarker maps into physiological maps (e.g., fibrosis,
edema maps) would simplify image display while also offering easier
interpretation for clinical decision-making.
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Leveraging the full information of all-in-one protocols

To fully unlock the potential of all-in-one imaging, approaches to
extract useful clinical information in the interactions between para-
meters could also be explored. For example, while a cine T; mapping
sequence could simply be analyzed along a cardiac dimension to mea-
sure function and along a T; recovery dimension to measure T;, there is
potentially valuable information in their interactions: changes in ap-
parent T; over the course of the cardiac cycle may reflect changes in
myocardial blood flow and volume that are not measurable by serial
cine imaging and T, mapping alone. The addition of a cardiac phase
dimension or other “arrhythmia dimensions” may bring opportunities
to explore interactions between parameters and ectopic variations or
loading intervals [80,81]. Respiratory dimensions could go beyond the
comfort of free-breathing to also allow analysis of cardiorespiratory
interactions [82]. As the amount of information to be extracted from
the data increases, so does the complexity of the computational pro-
blems. Thus methods including artificial intelligence/machine learning
will become increasingly important [54]. AI/ML approaches for de-
signing appropriate data collection strategies [83] and assessing large
numbers (> 4) of tissue properties from multi-dimensional data
[74,84,85] have already been demonstrated. Specialized analysis, e.g.,
through artificial intelligence, may be capable of extracting such
nuanced information for enhanced diagnosis, risk prediction, and
therapy monitoring. Fortunately, all-in-one images appear ready-made
for AL: images are already co-registered, synchronized, and resolution-
matched, and can be input into algorithms either directly as images or
in the low-dimensional feature spaces already used for image re-
construction and storage. While powerful, these AI/ML approaches are
still an area of active exploration, as the demands on the reconstruction
continually grow to enable more types of information (tissue property
measurements and motion estimation) to be collected in shorter scan
times (ideally < 1min in a free-breathing, ungated 3D scan), with
higher degrees of accuracy. Once established, they will require rigorous
testing in a variety of clinical settings [86], which may be slowed by the
current lack of rapid prototyping pipelines.

Conclusion of part 1

“All-in-one” CMR is a novel approach for efficient cardiovascular
magnetic resonance, but there are many steps which must be taken
before these methods can be adopted in place of standard CMR ex-
aminations. Another alternative approach which may be used to ac-
celerate CMR scans is “real-time” imaging; these methods will be the
subject of Part 2 of this manuscript.
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