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Abstract

Phase-contrast magnetic resonance imaging (PC-MRI) is increasingly used in the diagnosis
and management of congenital heart diseases. In particular, three-dimensional (3D) PC-MRI,
commonly named 4D flow MRI, provides 3D coverage of anatomical structures, and, from it,
it is possible to quantify the volume of blood flowing through a vessel over time, and to
visualize the complex pattern of blood flowing through the great vessels and chambers of the
heart. However, to mitigate respiratory motion artifacts, conventional 4D flow MRI uses
prospective respiratory navigation that limits the acquisition to the end-expiratory phase of
respiration, while discarding a large portion of data. This leads to long and unpredictable scan
times that depend on each patient’s respiratory pattern.

A push-button research sequence, called the free-running PC-MRI framework, was recently
developed in an effort to create a time efficient and easy-to-use alternative to 4D flow MRI. In
this sequence, data are continuously acquired over a fixed scanning time, then, respiratory and
cardiac signals are extracted from the data and used to sort it retrospectively prior to
reconstruction, to mitigate motion artifacts and improve image quality.

To date, the free-running PC-MRI framework is still under development. Each of the
building blocks of the framework (sequence, signal extraction, reconstruction) presents its own
limitations. For example, respiratory and cardiac signal extraction strategies are strongly tied to
specific sequence parameters, and this coupled interaction limits the optimization of the
sequence, that would benefit from new acquisition schemes to reduce scan times, improve
image quality, or even provide higher spatial resolution data, that is essential to monitor
pediatric congenital heart disease populations. Moreover, the study of respiratory and cardiac
motion has not been fully exploited in this framework, and the development of new mechanisms
to better mitigate motion-related artifacts could enable better image quality, and benefit
sequence and reconstruction optimization efforts. Additionally, while sequence optimization is
limited by multiple factors, the overall goal is to generate high quality flow datasets in an easy-
to-use fashion at short scan times, with high spatial resolution and good image quality in both
anatomical and flow information.

This doctoral dissertation addresses some of the practical limitations described above,
through the development and implementation of novel acquisition and reconstruction strategies
for the free-running PC-MRI framework. Chapter 1 provides an overview containing basic
concepts and definitions to follow the remainder of this dissertation.

In Chapter 2, an MR image-independent motion detection system, named Pilot Tone
navigation system, is integrated in the free-running PC-MRI framework to detect respiratory
and cardiac motion signals. Prior to Pilot Tone, self-gating data was used for signal extraction,
by integrating additional imaging readouts into the sequence trajectory. This, however, can limit
future improvements in sequence design, and therefore a sequence-independent alternative is



desirable. This study describes the signal extraction framework for Pilot Tone and validates the
obtained physiological signals to self-gated signals as well as to the reference standard for
cardiac activity, electrocardiography. Then, using Pilot Tone signals, respiratory and cardiac
resolved 5D flow datasets were reconstructed and shown to provide accurate flow
measurements when compared to gold-standard modalities. Finally, and contrarily to self-
gating, Pilot Tone was shown to be unaffected by changes in sequence design, suggesting that
the imaging sequence and the extracted physiological signals are decoupled from each other,
which sets up new opportunities for improving sequence design.

In Chapter 3, the untapped potential of respiratory self-gating signals is leveraged to estimate
and correct for the spatial displacement of the heart due to respiration in the free-running PC-
MRI framework, thus improving the quality of the resulting images. The algorithm used to
perform this respiratory motion correction is called focused navigation (fNAV), and in this
thesis will be shown its first validation in PC-MRI datasets to obtain 4D flow motion-corrected
images. Using fNAV, respiratory motion displacements were accurately corrected, and the
quantification of flow measurements from 4D flow image reconstructions of these corrected
datasets was shown to be in accordance with reference-standard measurements. Correcting
respiratory motion in the free-running PC-MRI framework instead of resolving it, which had
been previously done, reduces the dimensionality of these datasets, thus increasing the sampling
size per imaging volume (which improves image quality) and simplifying image reconstruction
and analysis. As a result, using fNAV may also benefit sequence optimization, by facilitating
shorter scan times and possibly empowering in the acquisition of higher resolution PC-MRI
images.

In Chapter 4, the Pilot Tone navigation system described in Chapter 2 is combined with the
respiratory motion-correction method validated in Chapter 3 to create a novel strategy to
synchronize and combine two sequentially acquired free-running sequences. Using the
proposed method, called Synchronization of Neighboring Acquisitions by Physiological
Signals (SyNAPS), one anatomical free-running sequence and one free-running PC-MRI
sequence, were combined into one comprehensive 4D ‘anatomy + flow’ imaging dataset.
Merging anatomy and flow information using SyNAPS improves the visualization of
cardiovascular structures in flow data that now can be segmented dynamically, without the need
for contrast injection. This will, consequently, improve the delineation of vessels of interest,
which in turn increases the precision of flow quantification.

In conclusion, this doctoral dissertation addressed different practical challenges and
presented new solutions that can help to further optimize and improve the building blocks of
the free-running PC-MRI framework. The impact of this work will hopefully drive sequence
improvements regarding higher spatial resolution, shorter scan times and improved flow
quantification. Thanks to the technical advances here described, as well as the scientific and
clinical collaborations derived from this work, the free-running PC-MRI framework is one step
closer to becoming a valuable tool in the diagnosis and management of congenital heart
diseases.
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Résume

L'imagerie par résonance magnétique a contraste de phase (PC-IRM) est de plus en plus
utilisée pour le diagnostic et la prise en charge des cardiopathies congénitales. En particulier,
la PC-IRM tridimensionnelle (3D), communément appelée IRM de flux 4D, fournit une
couverture 3D des structures anatomiques, permettant alors de quantifier le volume de sang en
circulation dans un vaisseau donné ainsi que de visualiser le schéma complexe de circulation
du sang dans les grands vaisseaux et les chambres du cceur. Cependant, dans le but d’atténuer
les artéfacts dus au mouvement respiratoire, I'RM de flux 4D conventionnelle utilise des
navigateurs diaphragmatiques qui rejettent une grande partie des données car limitent
l'acquisition a la phase expiratoire. Cela conduit a des durées d’acquisition longues et
imprévisibles car dépendants du schéma respiratoire de chaque patient.

Une séquence de recherche "push-button", nommée "PC-MRI free-running framework", a
récemment été développée comme alternative efficace (en termes de temps) et plus facile a
utiliser par rapport a I'lRM de flux 4D conventionnelle. Avec cette séquence, les données sont
acquises en continu durant I’intégralité du scan, avec une durée fixe et connue a I’avance pour
tous les patients. Aprés I’acquisition, les signaux respiratoires et cardiaques sont extraits des
données et utilisés comme guide pour la reconstruction, afin de diminuer les artéfacts de
mouvement et ainsi d'améliorer la qualité des images.

A ce jour, le PC-MRI free-running framework est toujours en cours de développement.
Chacun des éléments qui le composent (c’est-a-dire la séquence IRM, 1’algorithme d’extraction
des signaux de mouvement, la reconstruction) présente ses propres limites. Par exemple, les
stratégies d'extraction des signaux respiratoires et cardiaques sont fortement liées a des
parametres spécifiques de la séquence, et cette interaction couplée limite I'optimisation de cette
derniére. L’¢laboration de nouveaux schémas d'acquisition permettrait de réduire le temps de
scan, d’améliorer la qualité des images, ou encore d’acquérir des données a plus haute
résolution spatiale, ce qui est essentiel pour I’étude des cardiopathies congénitales pédiatriques.
De plus, I’étude des mouvements respiratoires et cardiaques n’a pas été pleinement exploitée
au sein du framework, et le développement de nouveaux mécanismes permettant de minimiser
les artéfacts de mouvements améliorerait la qualité d'image et profiterait aux efforts
d'optimisation de la séquence et de la reconstruction. En complément, bien que 'optimisation
de la séquence soit limitée par de multiples facteurs, I'objectif global est de générer de maniére
simple des données de flux de haute qualité, dans des temps d’acquisition fixes et réduits, a
haute résolution spatiale tout en assurant une bonne qualité d'image en fin de processus.

Cette thése de doctorat aborde certaines des limites pratiques décrites ci-dessus, par le
développement et la mise en ceuvre de nouvelles stratégies d'acquisition et de reconstruction au
sein du PC-MRI free-running framework. Le chapitre 1 fournit au lecteur une introduction
abordant les concepts et définitions de base requis a la compréhension des chapitres suivants.
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Dans le chapitre 2, un systéme de détection de mouvement indépendant de 1'IRM, appelé
systéme de navigation Pilot Tone, est intégré dans le framework pour détecter les signaux de
mouvement respiratoire et cardiaque. Précédemment, la technique d’extraction de signaux dite
de "self-gating" se faisait par intégration de mesures supplémentaires dans la trajectoire de la
séquence IRM. Cependant, cela limite les opportunités d’amélioration de la séquence car cela
contraint cette derniére a suivre un certain schéma; une méthode alternative et indépendante du
type de séquence est donc souhaitable. L’étude présentée décrit un cadre complet d'extraction
de signaux pour le Pilot Tone et propose une validation des signaux physiologiques obtenus par
comparaison aux signaux de self-gating ainsi qu'a I'électrocardiographie. Ensuite, en utilisant
les signaux Pilot Tone, des données de flux 5D résolus pour la respiration et le battement
cardiaque ont été reconstruits, et fournissant des mesures de flux précises par rapport aux
modalités de référence. Enfin, contrairement a la technique self-gating, le Pilot Tone n'est pas
affecté par de potentielles modifications de séquence, ce qui suggere que la séquence utilisée et
les signaux de Pilot Tone sont découplés 1'un de I'autre, et permet donc d’optimiser la séquence,
notamment concernant le schéma d’échantillonnage.

Dans le chapitre 3, les signaux de respiration obtenus par self-gating sont étudiés afin
d’estimer et corriger le déplacement spatial du cceur di a la respiration, dans le cadre du PC-
MRI free-running framework, ce qui améliore considérablement la qualité des images obtenues.
L'algorithme utilis€¢ pour effectuer cette correction du mouvement respiratoire est appelé
navigation focalisée (fNAV), et dans cette thése, nous montrerons sa premiére validation
appliquée a des données PC-IRM pour obtenir des images flux 4D. En utilisant 1’algorithme
fNAYV, les déplacements du mouvement respiratoire ont été corrigés avec précision, et la
quantification des mesures de flux a partir des images de flux 4D obtenues s'est avérée étre en
accord avec les mesures de référence. La correction du mouvement respiratoire, en opposition
a sa résolution qui fut validée précédemment dans le cadre d’acquisitions free-running PC-IRM,
réduit la dimensionnalité de ces données, augmentant ainsi la densité d’échantillons par volume
d’imagerie (ce qui améliore la qualité de ’image) et simplifiant la reconstruction et 1’analyse
des images. L’utilisation de fNAV peut également étre bénéfique pour 1’optimisation de la
séquence, en permettant des temps de scannage plus courts et en aidant éventuellement a
I’acquisition d’images PC-IRM de plus haute résolution spatiale.

Dans le chapitre 4, le systéme de navigation Pilot Tone développé dans le chapitre 2 est
combiné a la méthode de fNAV dans le chapitre 3 afin de créer une nouvelle stratégie de
synchronisation et de combinaison de deux séquences free-running acquises séquentiellement.
La méthode proposée, appelée "Synchronization of Neighboring Acquisitions by Physiological
Signals" (SyNAPS), permet de combiner une séquence free-running anatomique et une
séquence free-running PC-IRM en un ensemble complet de données d'imagerie "anatomie +
flux" 4D. La fusion des informations sur l'anatomie et le flux a I'aide de SyNAPS améliore la
visualisation des structures cardiovasculaires dans les données de flux, qui peuvent désormais
étre segmentées de maniere dynamique, sans qu'il soit nécessaire d'injecter un produit de
contraste. Ceci améliore par conséquent le suivi des vaisseaux d'intérét, ce qui augmente la
précision de la quantification du flux dans ces vaisseaux.

En conclusion, cette thése de doctorat aborde différents limites pratiques liées au PC-MRI
free-running framework, et présente de nouvelles solutions pour son optimisation.
Potentiellement, 1'impact de ce travail et ces résultats prometteurs sera d'améliorer la séquence
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en termes de résolution spatiale (plus élevée), de durée d’acquisition (plus courte) et de
permettre, au bout de la chaine, une meilleure quantification du flux sanguin. Grace aux progres
techniques décrits ici, ainsi qu'aux collaborations scientifiques et cliniques nées de ce travail, le
PC-MRI free-running framework se rapproche un peu plus de sa forme optimale, formant un
outil précieux pour le diagnostic et la gestion des cardiopathies congénitales.
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Chapter 1.
Introduction

Congenital heart diseases (CHD) are the most common birth defects, affecting an estimated
1.3% of newborns in Switzerland and 0.8% overall in European countries according to a
population study performed in 2011'. While some defects can resolve on their own without
significant impact during the first years of infancy, there is still a large amount of cases (~30%)
where surgical intervention remains the only solution of care. The most recent data points to an
expected >90% survival rate in CHD related-interventions (with variation depending on
complexity)??, enabling the affected patients to reach adult life. Nevertheless, the consequences
of such invasive procedures, together with aging effects, etc., create the need to continuously
follow-up on these now chronic cases, in order to ensure long term survival and quality of life?.

CHD is a broad term that includes a wide range of abnormalities that require personalized
care, thus requiring different imaging protocols. Considering the patients’ increased life
expectancy and the recurrent need for follow-up with imaging modalities, the use of x-ray
angiographic exams as well as computed tomography may add a large radiation toll to these
cases’, that could have negative effects in the future, and therefore radiation-free alternatives
are preferred when possible. Therefore, depending on their characteristics, CHD cases are
regularly recommended for a cardiovascular magnetic resonance imaging (CMR) exam, to
visualize anatomy and study quantitative measures, such as blood flow intake in the pulmonary
and systemic circulations (Chapter 1.1)°.

Imaging the heart in CMR is a complex problem due to the heart’s anatomical and functional
constraints (Chapter 1.2). The heart moves continuously over time, to pump blood to the entire
body through the cardiovascular system. Additionally, the heart is located inside the thorax and
above the diaphragm, which work together to continuously expand and deflate the lungs,
leading to displacement of the heart due to respiratory motion. Finally, there can be spontaneous
motion of the patient inside the scanner, which can be attenuated by asking the patient not to
move while being scanned, or by using sedation’. As a result, the heart is already under a very
complex setup that constrains how CMR can be performed?.

However, motion sensitivity is not always considered a disadvantage in MRI. In regular
CMR protocols, the motion of the heart is captured along the cardiac cycle and the acquired
readouts can be sorted to create dynamic cardiac images that can be used to study heart
function”!?. Using dynamic imaging can also be useful to capture the velocity of blood running
throughout the heart and the vessels, which can provide information on the severity of certain
diseases®. Blood flow can be comprehensively quantified using MRI, by manipulating the MRI
imaging sequences such to increase their sensitivity to either vessel contrast (Magnetic
Resonance Angiography) or to blood velocity!'!. The second case, where blood velocity is
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encoded into MR information, is commonly called Phase-Contrast MRI (PC-MRI) and uses
imaging gradients to modulate changes in voxel-wise velocity (Chapter 1.3)'2. PC-MRI is now
an important component of CMR, particularly to monitor and follow-up CHD cases, which
often involve defects in the vasculature of the larger vessels®.

2D PC-MRI is the current gold-standard for non-invasively measuring blood flow for
clinical diagnosis as well as for patient follow-up and treatment planning’-!3. Nevertheless, slice
planning is cumbersome and time consuming, as imaging planes need to be placed
perpendicularly to the vessels of interest for an optimal flow assessment’. As a consequence of
the long setup time required per plane, a clinical protocol can only include a limited number of
2D PC-MRI acquisitions!4. Alternatively, three-dimensional (3D) PC-MRI sequences that are
also cardiac-resolved are an ideal replacement to the gold-standard 2D PC-MRI cardiac-
resolved protocol (Chapter 1.4).

The most conventional sequence for 3D PC-MRI is commonly called 4D flow MRI (3D
anatomical volume + 1D cardiac motion information + velocity encoding)'>. 4D flow MRI
acquires data throughout the cardiac cycle, but only for a portion of the respiratory cycle,
requiring diaphragmatic navigators to prospectively select end-expiration time points to be used
for the MR acquisition. However, prospective respiratory navigation often leads to long and
unpredictable scanning times, and as a result, there has been a large effort in developing 3D
PC-MRI sequences that can address the constraints of cardiac and respiratory motion while
collecting data within a fixed scan time'¢2!. Among different strategies, one recent work
introduced a free-running MRI framework??, which was extended to include phase-contrast
properties and named the free running PC-MRI framework (Chapter 1.5)!. In this framework,
velocity-encoded imaging data is continuously acquired over a fixed period of time, and
retrospectively processed to reconstruct whole-heart multi-dimensional respiratory and cardiac
resolved flow datasets with isotropic resolution'®.

The free-running PC-MRI framework provides a paradigm shift on how flow imaging is
performed, but to date it still presents some limitations, such as low spatial resolution and low
image contrast, that need to be addressed in order to improve the framework’s overall
performance and increase its clinical utility in the monitoring of CHD.

1.1. Congenital heart disease and cardiovascular magnetic
resonance imaging

The heart (Figure 1) is a muscular organ that pumps blood through vessels to distribute
oxygen, nutrients, and many other compounds to the entire body. The heart pumps with periodic
motion, following a sequence of muscle contractions and relaxations to collect new blood and
then send it to the rest of the body through the pulmonary and the systemic circulations®*. The
adequate distribution of oxygenated blood throughout the tissues is vital, but it can sometimes
be disrupted, due to either heart or vascular defects.



1 — Left ventricle

3 | 2—Right ventricle

3 — Left atrium

4 — Right atrium

5 — Aortic valve

6 — Pulmonic valve
7 — Mitral valve

8 — Tricuspid valve
9 — Pulmonary veins
10 — Caval vein

11 —Aorta

12 — Pulmonary artery

Figure 1. Illustration of the healthy heart and the main vessels surrounding it. The heart has four chambers,
named the right/left atria and the right/left ventricles. The right atrium collects de-oxygenated blood from the caval
veins (superior and inferior), sends it to the right ventricle, which in turn will send it to the lungs, where it will be
re-oxygenated, through the main pulmonary artery and pulmonary circulation. The re-oxygenated blood will then
be sent back to the heart through the pulmonary veins, arrive to the left atrium, move to the left ventricle, and
finally be sent back to the entire body through the aorta and the systemic circulation. [llustration taken from
http://www.chd-diagrams.com, licensed under Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License by the New Media Center of the University of Basel.

In order to detect or monitor complications in the heart and major vessels, we can perform a
CMR exam, where the periodic motion of the heart is taken into account to inform the image
acquisition and minimize image artifacts'3.

CMR can be used for a large variety of applications, such as to monitor heart failure?*,
coronary artery disease?’, a broad variety of cardiomyopathies?6-28 2930 and
CHD in both pediatric and adult populations’. In particular, CHD patients require regular CMR
follow-up exams to monitor possible post-surgical comorbidities over time>*, in conjunction
with other imaging modalities such as echocardiography, invasive angiography, and cardiac
computed tomography?®.

One of the sequences included for monitoring and follow-up of CHD patients in CMR is the
PC-MRI'?, which quantifies blood velocity along the cardiac cycle. Quantifying the flow of
blood going through a vessel is important to understand the proper functioning of the circulatory
system as well as the heart itself. This is particularly relevant in some CHD cohorts, where
anatomical defects may lead to flow abnormalities, such as stenosis and regurgitation*® , which
can, in turn, lead to additional heart and vessel damage®. From PC-MRI, different blood flow

measurements can be quantified, such as the cardiac output, the pulmonary-to-systemic flow
7,31

, valvular diseases

ratio, valvular regurgitation, etc
The following subsections describe some examples of CHD that in most cases require
surgical intervention, and where the use of PC-MRI is an integral part in patient follow-up®’.

Coarctation of the aorta

Aortic coarctation is defined by a discrete or relatively discrete narrowing of the aorta’?,
most commonly on the proximal descending thoracic aorta (Figure 2), and has an incidence of
around 409 per million live births*2, representing ~7% of the diagnosed CHDs®3?. The



narrowing of the aorta causes severe circulatory issues, including high blood pressure and flow
return in the left ventricle, that can cause hypertrophy and lead to cardiac malfunction, and, in
the worst case, heart failure.

In general, echocardiography is the first line imaging modality for coarctation of the aorta,
but CMR can be useful to provide complementary anatomic and hemodynamic information*
for intervention preplanning®> and post-surgical repair follow-up**. In particular, flow
assessment and collateral flow quantification using PC-MRI are important measures that
contribute to an improved understanding of the physiology of each aortic coarctation pre- and
post-surgery.

1 — Aortic Coarctation

2 — Aortic Coarctation

.. | repair by resection and

_| end-to-end anastomosis

Figure 2. Illustrations of one case of coarctation of the aorta (A) and its repair by
resection and end-to end anastomosis (B). [llustration taken from http.//www.chd-
diagrams.com, licensed wunder Creative Commons Attribution-NonCommercial-
NoDerivatives 4.0 International License by the New Media Center of the University of Basel.

Single Ventricle before and after the Fontan procedure

The single ventricle defect describes a very complex group of defects mainly characterized
by a partial or complete absence of the ventricular septum development before birth (Figure 3).
Each specific defect has a different incidence within the population, but the overall incidence
of the single ventricular defect is estimated to be around 805 cases per million births*.

1 — Univentricular heart
2 — Right atrium to
pulmonary artery
anastomosis

3 — Pulmonary valve
ligation

4 — Tricuspid valve
closure

5 — Ventricular septal
defect enlargement

Figure 3. Illustrations of one case of Single Ventricle (A) and its repair by a Classic Fontan
operation (RA-PA) for DORYV (B). [llustration taken from http://www.chd-diagrams.com,
licensed under Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International
License by the New Media Center of the University of Basel.



Due to the consequences in blood oxygenation level changes traveling to all tissues, nearly
all patients require either reconstructive surgery or heart transplantation. The most common
surgery is the Fontan procedure (Figure 3B)*¢37, where the right atrium is “ventriclized” to
direct the blood from the vene cava to the lungs. Due to the complexity of the procedure, adverse
outcomes post-surgery become increasingly frequent with aging?’, and may lead to heart failure
and death*®*. To monitor these comorbidities, CMR is recommended as a regular follow-up
exam for post-Fontan cases, and particularly PC-MRI is recommended to evaluate
measurements such as systemic to pulmonary collateral flow, as well as flow to both lungs®.

Tetralogy of Fallot

Tetralogy of Fallot (Figure 4) is described by a deviation of the developing conal septum
that causes a misalignment with the ventricular septum (creating a ventricular septal defect), an
“overriding aorta” (aorta positioned above the septal defect), and right-ventricular
hypertrophy*’. This defect has an average incidence of 32.6 per 100,000 live births*? and an
estimated prevalence of 6% from all CHDs*'. Surgical repair is generally performed at early
stages and ensures a high survival rate (>98%)**} and life expectancy of the patients**. With
time, complications related to residual anatomic and hemodynamic abnormalities are very
common, thus patient follow-up is recommended®.

Although echocardiography often performed, CMR is already the gold standard for reliably
and accurately measuring 3D ventricular volumes. Additionally, PC-MRI is mainly used to
quantify flow in the pulmonary arteries®.

—A

1 - Infundibular stenosis

2 - Ventricular septal defect

3/7 — Overriding aorta

4 — Right ventricular hypertrophy

5 — Right ventricular outflow muscle bundle
resection

" | 6 — Ventricular septal defect patch repair

Figure 4. Illustrations of the most common defects in the tetralogy of Fallot (A) and of one
possible repair strategy (B). lllustration taken from http://www.chd-diagrams.com, licensed
under Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License
by the New Media Center of the University of Basel.

Transposition of the great arteries

Transposition of the great arteries, as the name indicates, defines the defect where the two
main arteries (aorta and main pulmonary artery) are transposed with each other (Figure 5). It
has an estimated incidence of around 300 live births per million2.

Depending on the type of transposition of the great arteries, surgical repair is often done with
an arterial switch operation (Figure 5B). This procedure, has a high success rate, but
postoperative complications are common, and include ventricular dysfunction, pulmonary or



aortic stenosis, coronary artery stenosis/occlusion, valve regurgitation and aortic root dilation®.
As a result, these patients are also recommended for clinical follow-up to ensure all these
complications are under control.

For the follow-up, CMR is recommended complimentary to echocardiography, and can help
detect all of the postoperative complications mentioned above. In particular, PC-MRI is very
important for these cases, as it helps evaluate arterial stenosis.

1 — D-Transposition of the great arteries

2 — Persistent ductus arteriosus

3 — Patent foramen ovale

4 — Arterial switch

5 — Reimplantation of the coronary arteries
6 — LeCompte maneuver

7 — Neoaortic valve

8 — Atrial septal defect closure

" | 9 — Persistent ductus arteriosus ligation

Figure 5. Illustrations of a Simple D-Transposition of the great arteries (A) and of one
common arterial switch operation (Jatene procedure) (B). [lllustration taken from
http://www.chd-diagrams.com, licensed under Creative Commons Attribution-NonCommercial-
NoDerivatives 4.0 International License by the New Media Center of the University of Basel.

Imaging heart defects from CMR is very complex due to the intrinsic changes in heart
anatomy caused by each defect, creating additional imaging challenges for these cases.
Additionally, respiratory-derived motion and the heart’s heartbeat add further acquisition
constraints®,

1.2. Detection of cardiac and respiratory motion

The adequate detection of cardiac motion is essential to capture static and dynamic MRI
information from the heart and vessels with minimized image artifacts, and is especially
important to quantify blood flow with PC-MRI. During a CMR exam, the contraction and
relaxation of the heart is usually monitored using MRI compatible electrocardiography (ECG)
devices'. In particular, the R-wave of the ECG signal, which coincides with the end-diastolic
(maximum volume) time point in the cardiac cycle, can be used to identify the beginning and
end of each heartbeat. In this way, user-defined windows can be prospectively chosen to acquire
imaging data for one or multiple time-points after detection of the R-wave resulting in static or
motion-resolved images respectively (Figure 6A)*. Alternatively, to take advantage of data
from the entire cardiac-cycle, the ECG signal can be used to retrospectively combine data across
multiple heartbeats also providing motion-resolved images (Figure 6B)*743,

Although using ECG is the most common method to monitor cardiac motion, its use in
clinical context introduces additional setup time. Additionally, signal quality may sometimes
be corrupted due to poor ECG lead placement or due to MR-derived magneto hydrodynamic
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effects and gradient switching that can induce additional electrical currents, all which
compromise the ECG signal detection*’. Alternatively to ECG, other MR-compatible devices
such as pulse oximeters or Doppler ultrasound can be used to monitor cardiac motion and
inform the image acquisition®’. Moreover, imaging-based solutions (e.g. self-gating)’! or Pilot
Tone navigation? are also able to detect cardiac motion and are mainly used for retrospective
motion-resolved imaging. Albeit different, the cardiac motion information from these ECG-
alternatives can be similarly used to either resolve the entire cardiac motion or select specific
windows for acquisition (Figure 6).

Standard techniques to address Cardiac motion in CMR

A. Selection of time
windows for acquisition —_—

B. Resolving cardiac
motion AN N LN

Scan time

JI\ ~ Cardiac motion
Data accepted for imaging

Figure 6. Examples of techniques to compensate cardiac motion in CMR. A) User-defined
windows can be prospectively chosen to acquire imaging data for one or multiple time-points after
detection of the R-wave, resulting in static or motion-resolved images respectively. B) Alternatively,
to take advantage of data form the entire cardiac-cycle, data can be combined across multiple
heartbeats to provide motion-resolved images.

In addition to its periodic motion, the heart is also affected by respiratory-derived motion
caused by the motion of the diaphragm as well as the expansion (inspiration) and deflation
(expiration) of the thorax. This motion also affects image quality in CMR, but can be mitigated
using different modalities.

In short 2D acquisitions, patients are often requested to hold their breath (Figure 7A)%713,
However, the breath-hold duration governs the maximal spatial resolution, temporal resolution,
volumetric coverage allowed, thus limiting the image acquisition. Additionally, difficulties
performing breath-holds may arise in patients of older age or affected by cardiopulmonary
deficiency, or in non-compliant patients, such as early age infants’. Furthermore, CMR exams
requiring multiple breath-holds often suffers from poor reproducibility, leading to
misregistration errors in the obtained k-space data, which influences the clinical outcome®*,
Alternatively, the patient can be instructed to breathe regularly and quietly, and free-breathing
(Figure 7B) multiple signal averaging can be performed, albeit with consequent worsening in
image quality'?.

When moving to 3D image acquisition, several strategies have been developed to mitigate
respiratory motion in CMR. A few examples will be described below and will be focused on
what has been reported for PC-MRI.



First, data can be acquired in free-breathing (Figure 7B), but, just like in 2D, without
additional respiratory compensation there will be a decrease in the accuracy of flow
measurements and overall visualization of the vessels of interest 3¢,

One strategy that has become commonly used in the field is the use of a one-dimensional
(1D) navigator echo, prescribed along the lung liver interface to monitor respiratory motion to
limit data collection to a manually defined acceptance window during the end-expiratory
phase®”® (Figure 7C). Nonetheless, the efficiency of selectively acquiring only a portion of the
data over time, while rejecting data acquired during the remaining respiratory stages, is highly
driven by the breathing pattern of each patient, and thus leads to unpredictable scan times.

Standard techniques to address respiratory motion in CMR

A. Breath-hold

B. Accept all

/\ /-\ 1; Acceptance
window
C. Selection of / \

time windows
for acquisition

Scan time
N/ Respiratory motion
Data accepted for imaging

Figure 7. Examples of techniques to compensate respiratory motion in CMR. A) The most
common approach to mitigate respiratory motion is to perform short 2D scans with breath-hold,
which can still be demanding in some patient cohorts. B) Alternatively, the acquisition can be in
free breathing, which corrupts the obtained imaging information, although strategies to prospective
or retrospectively compensate motion in free-breathing data can be used to improve image quality.
C) Finally, prospective respiratory navigation can be used to limit data collection to a manually
defined acceptance window.

Beyond these two common strategies for 3D PC-MRI modalities, there have also been some
efforts in the development of alternative respiratory motion compensation tools that acquire
data continuously in free-breathing, using image navigators, self-gating® or Pilot Tone
navigation®2.

For example, adaptive navigator gating techniques take advantage of 1D respiratory
navigators to prospectively adapt the k-space sampling pattern>>%-62 and ensuring that the
central portion of k-space, which is more sensitive to respiratory motion, is acquired during
end-expiration while the periphery is acquired during the remaining respiratory phases. This
technique has been shown to mitigate respiratory motion artifacts, though its performance may
be limited by large motion variations, providing better results when combined with additional
data rejection®>!, which decreases acquisition efficiency.

Alternatively, soft-gating techniques'®6*%* weight the acquired readouts according to the
amount of motion occurring at each time point and has also been shown to successfully
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compensate respiratory motion while maintaining image quality at high sampling efficiency.
However, in cases of large respiratory motion amplitudes, residual motion artifacts may not be
fully suppressed.

The use of respiratory resolved image reconstruction techniques!®21%46% incorporates the
respiratory cycle as an additional dimension to reconstruct images at different respiratory
stages'®?!137 which could be utilized to study respiratory-driven hemodynamics in certain
patient population, such as post-Fontan patients. Nonetheless, for clinical pathologies that do
not benefit from the study of respiratory dependent flow, the increased reconstruction and
analysis times required for each respiratory-dependent dataset may be impractical.

Finally, a wide range of respiratory motion correction methods!”6>-68 utilize data from the
entire respiratory cycle while minimizing motion related artifacts.

1.3. Phase-Contrast Magnetic Resonance Imaging

MRI signals are complex, providing both magnitude and phase information. This Chapter
outlines how the phase information in particular can be exploited to measure blood flow using
Phase-Contrast Magnetic Resonance Imaging (PC-MRI).

Magnetic field gradients provide spatial encoding in MR images, by perturbing the main
magnetic field, and causing hydrogen protons in different locations to precess at slightly
different rates®®. If the imaged tissue is static, these gradients apply phase changes in the
magnetization of tissues that are predictable with the strength and duration of these gradients.
In non-static tissues (such as blood flowing through a vessel), however, the spins will be
subjected to local magnetic fields of different strengths as they move (Figure 8). As a result,
the phase precession of these moving spins will be modulated by different MR spatial
encodings, leading to image artifacts'4.

Constant Magnetic Field Magnetic Field Gradient applied =——p

Stationary Tissue !  Phase
&=0°

Blood flow within vessel Blood flow within vessel

Figure 8. Influence of spatial encoding gradients in static tissue and non-static tissue. The moving
spins accumulate phase errors as they move through different points where the magnetic field gradient is
changing, causing phase detection errors that lead to image artifacts. Figure extracted from Lotz et al,
RadioGraphics, 2002,

Although phase accumulation in moving spins can be detrimental to image quality, it can
fortunately be manipulated to our advantage and instead, utilized to estimate spin motion’®’!,
In phase-contrast MRI (PC-MRI)7?>775, using a bipolar phase gradients’ design, the static tissue
phase information cancels out, while moving structures have a non-zero phase output that is
proportional to tissue velocity (Figure 9)'4.
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positive lobe applied  ——) < negative lobe applied

Stationary Tissue Stationary Tissue

blood flow within yeasel

Bipolar Gradient 2

Figure 9. In Phase-Contrast MRI, Gradient encoding is played out in two steps, a positive gradient
and a negative gradient, symmetric to the first one. This bipolar gradient scheme enables the annulment
of the phase in static tissue, whereas non-static tissue is phased out. The phase of the moving spins can then
be used to estimate their velocity. Figure extracted from Lotz et al, RadioGraphics, 20027,

The effects of these bipolar gradients can be mathematically explained in a few steps!2. The
Larmor frequency w,, of spins at a certain spatial location 7 = (x, y, z) in a static magnetic field
Bo, local field inhomogeneity ABo, and an added gradient encoding waveform G(t) is given by:

w (7, 8) =yB,(7,t) =
= yBo + yABy + yF(OG(D)

With y being the gyromagnetic ratio, yBy = w,, ¢ symbolizing the Larmor frequency of the
main magnetic field, yAB, representing the influence of field inhomogeneities in the precession

frequency, and y7 (t)@ (t) representing the gradient encoding effects.
From the moment an excitation pulse is applied to the field (t=0), up to the echo time (t=TE),
where the phase will be detected, the phase at a location 7 can be calculated as the integral of

w2

TE TE

w, (P, t)dt = w o X TE + yABy X TE + yf ()G (0)
0

#G.7E) = |

0

For simplification, the phase accumulation from the main field By can be eliminated from
the equation, as the free induction decay signal is demodulated with respect to wyo'%
Additionally, we can simplify the term yAB, X TE = ¢,, which represents an unknown, field
inhomogeneity’s phase contribution that can be caused by several factors such as field
imperfections and magnetic susceptibility at tissue boundaries. Assuming that each set of
protons in a specific spatial location can be characterized by an original position 79 and a
constant velocity v,

7(t) =7y + vt + -

We can expand the equation of ¢ (7, TE) above into the Taylor series:
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TE TE

5(t)dt+y§j G(Otdt + -
0

¢ TE) = ¢po + Vfoj

0

The Taylor series integrals are named the M, moments, where My is the zeroth moment of
the Taylor expansion and describes the static protons, and M; is the first moment, describing
the protons moving at constant velocity. The higher order (p>1) terms that characterize the
protons’ motion (acceleration, jerk, etc.) are considered negligible, and therefore are not
included in this simplified demonstration. An additional term has also been neglected from this
expansion, which is the unknown gradient-dependent phase error contribution, derived mainly
from Maxwell phase and eddy-current-induced background phase. This phase contribution,
although removed in the rest of this demonstration, is usually corrected after image
reconstruction, by means of polynomial fitting tools’®.

From the equation above, one can infer that the annulment of the gradient moment My could
enable the detection of phase information that is proportional to the motion of the hydrogen
protons. Using the bipolar gradient setup introduced above (Figure 3), My is canceled:

¢(F, TE) = ¢o +yUM;

In this bipolar gradient setup, there is still the additional unknown ¢, term that adds phase
information, limiting the true correlation between phase information and proton velocity.
Nevertheless, this term is constant and independent of gradient waveform, thus it could be
eliminated by acquiring this setup twice using symmetric bipolar gradient shapes (Figure 10),
and then subtracting the phase accumulated in two acquisitions:

¢t —d™ = Ap = (o +yYIM; ") — (o +¥IM; ")
= y¥(M,* — My") = yUAM,

From this equation, the velocity information is finally given by:

Ap A
AM = Ve

-
v =

7:\/1 defines the parameter that can be tuned using the strength of the bipolar
1

gradients to establish the velocity limits in each phase-contrast dataset. This term needs to be
chosen with caution, because a low venc would cause phase wrapping (or aliasing), but a too
high venc will cause loss in to velocity-to-noise ratio'?.

where venc =

The two bipolar velocity-encoding gradients can be used to acquire 2D PC-MRI information
across a vessel with velocity-encoded in one direction, commonly perpendicularly to the
imaging slice (through-plane)!?. Additionally, albeit less often, 2D PC-MRI can also be
acquired such that is encodes velocity information in three orthogonal dimensions, but for that
a minimum of four velocity encoding gradient combinations are required (see Figure 12)'2,
which doubles the scan time. Nonetheless, encoding velocity information in three orthogonal
dimensions is very useful, particularly when moving to volumetric PC-MRI solutions'?.
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1.4. The growth of multi-dimensional Phase-Contrast MRI

As mentioned in Chapter 1.3, 2D PC-MRI is commonly acquired using a 2-point velocity-
encoding scheme that acquires velocity information in the through-plane direction. To
maximize the quantification of velocity information in one vessel, each 2D plane needs to be
perpendicular to the vessel of interest. Nonetheless, we described in Chapter 1.1 the large
diversity of CHD defects with irregular heart anatomies that can affect more than one vessel.
In these cases, the number of 2D PC-MRI acquisitions performed will be equivalent to the
number of vessels of interest to image, which besides being time consuming also requires highly
trained technologists working alongside radiologist and cardiologists to be able to plan all the
different 2D slices perpendicularly to the vessels, often with unusual anatomies (Figure 11).

2D Plan scan Magnitude

“.‘“

Velocity 2D Plan scan Magnitude Velocity

Ascending
Aorta
Main
pulmonary
Artery

Superior
Vena Cava

Right
pulmonary
artery

Inferior
Vena Cava
Left
Pulmonary
artery

Figure 11. Slice planning of 2D PC-MRI for different vessels of interest and resulting image acquisitions.
For each vessel of interest to analyze, a new 2D PC-MRI sequence is required, thus requiring new slice planning.
This makes a PC-MRI protocol very challenging and time consuming. Ao: ascending aorta. SVC: superior vena
cava. IVC: inferior vena cava. PA: main pulmonary artery. r-PA: right pulmonary artery. I-PA: left pulmonary
artery. DAo: descending aorta. LA: left atrium. RV: right ventricle. Figure extracted from Lotz et al,
RadioGraphics, 2002,
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In an effort to create a more comprehensive solution to 2D PC-MRI and to address its
limitations, a sequence for the comprehensive acquisition of time-resolved 3D and three-
directional blood flow measurements was developed’’ 8, and has become standardized using
the name 4D flow MRI'>8!,

In conventional 4D flow MRI, an imaging volume is acquired over time and velocity
information is encoded in three orthogonal dimensions using a 4-point velocity encoding
scheme (Figure 12)%. In order to resolve cardiac motion, ECG is commonly used to detect
cardiac activity and prospectively sort the data into different cardiac phases. To mitigate
respiratory motion, 1D diaphragmatic navigators are used to monitor respiratory motion and
limit data collection to a manually defined acceptance window during end-expiratory
phase’7°883, By encoding the three-directional velocity vector, 4D flow enables calculation of
advanced hemodynamic parameters (e.g. wall shear stress, turbulent kinetic energy, helicity,
and vorticity), which cannot be measured by any other modality®?.
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Figure 12. Overall description of the 4D flow MRI framework. For each 3D imaging readout, 4 velocity
encoding gradients are acquired, one as reference and three symmetrical bipolar gradients in three orthogonal
directions (Vx, Vy, Vz). The data is sorted according to the type of gradient encoding used at each acquisition,
and k-space data is filled over time, using electrocardiography for cardiac binning and navigator gating for
minimizing respiratory motion artifacts. The magnitude information (anatomy) is retrieved from the reference

acquisition, and the phase information in 3 directions (velocity) is obtained by calculating the difference
between the reference acquisition and each of the 3 velocity encoding gradients. Figure extracted from Markl
et al, Journal of Magnetic Resonance, 2012%.
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Despite its reported benefits, the conventional 4D flow MRI sequence also has its own
limitations. First, planning the 4D flow MRI sequence is still a complex and time consuming
activity, albeit easier than 2D PC-MRI, that still requires highly trained medical staff. Planning
a 4D flow MRI scan includes selecting and manipulating the imaging field of view, that might
not be isotropic, and setting up the diaphragmatic navigators required for respiratory gating!®.
Moreover, prospectively gating the acquisition to end-expiration discards all the data that could
otherwise have been acquired throughout the remainder of the respiratory cycle, leading to a
low acquisition efficiency. Additionally the diaphragmatic navigation depends on each
subject’s breathing patters and creates unpredictable scan times!>. Finally, beyond imaging
efficiency, limiting data acquisition to the end-expiratory phase of the respiratory cycle
precludes the evaluation of respiratory-driven changes in hemodynamics, which may have
clinical interest in some CHD cohorts, such as single ventricle patients undergoing the Fontan
procedure®?,

Considering the limitations of 4D flow MRI, multiple efforts targeted the development of
faster and more efficient solutions to acquire 3D PC-MRI in the heart and great vessels'®!7:19-
216485 Mainly, recent studies are targeting respiratory motion compensation tools to ensure
predictable scan times and to take advantage of the additional flow information. A number of
sequences with alternative k-space trajectories have been proposed including Cartesian!6-6485,
radial '71%2% and spiral 2!. In general, each of these proposed methods uses self-gating to track
respiratory and/or cardiac motion, by deriving physiological signals from the acquired imaging
data or from a repeat non-imaging readout, which also promote a faster and simpler patient
setup.

1.5. The free-running Phase-Contrast MRI framework

In an attempt to shift the paradigm of complex CMR exams to whole-heart easy-to-use
“push-button” solutions, a free-running framework was recently developed without the need
for ECG gating or respiratory navigators®2. In this framework, a radial sequence® acquires data
continuously with isotropic resolution during a predictable scan time*>47:88, Then, respiratory
and cardiac motion signals are retrospectively detected using information from the sequence
itself (self-gating)*>>*%7, to then inform an image reconstruction framework that reconstructs
the acquired data into multi-dimensional datasets 228589,

The free-running framework has been initially built to provide a multi-dimensional
visualization of the cardiac anatomy??, but has since been extended to different applications,
such as angiography®, flow'®, fat-fraction mapping’!, T1°? and T2°® mapping, eye imaging”*
and liver imaging®®. In particular, to extend this framework to flow imaging, a free-running PC-
MRI framework was developed!®, by integrating a 4-point bipolar gradient design to detect
velocity encoding in three orthogonal directions, similarly to the design shown in Figure 12 for
conventional 4D flow MRI.

The free-running PC-MRI framework is comprised of three main building blocks, which will
be described briefly: the imaging sequence, the respiratory and cardiac motion detection and
signal extraction, and the image reconstruction.
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Imaging sequence

In the free-running PC-MRI framework, the image acquisition follows a free-running 3D
radial golden-angle gradient-echo (GRE) research sequence!®??, wherein radial k-space
readouts are acquired continuously using a spiral phyllotaxis pattern®® (Figure 13A). The
acquisition is divided into spiral interleaves that contain a fixed number of radial readouts. Each
interleave is rotated by the golden angle about the z-axis relative to its predecessor®® and is
preceded by one k-space signal readout consistently oriented in the superior—inferior (SI)
direction, which will be used for respiratory and cardiac motion detection??>°. All remaining
sequence readouts of the k-space interleave are repeated 4 times in order to encode velocity
information in three orthogonal directions'>!.

Respiratory and cardiac motion detection and signal extraction

The readouts acquired in the SI direction are acquired periodically. They are compiled into
1D vectors and used to detect respiratory and cardiac motion information. This information is
converted into signals by means of a sequence of signal extraction steps'®?2. First, these SI
readouts are corrected for trajectory imperfections that are caused by gradient timing delays,
eddy currents, and other sources??. Then, a principal component analysis is performed to reduce
data complexity and to segregate the respiratory and cardiac motion features. Finally, using
frequency-based selection, the most prominent respiratory®>® and cardiac signals®? are chosen
(Figure 13B). The amplitude of the resulting respiratory signals is used to partition the acquired
dataset into different respiratory phases®’, and the information from the estimated cardiac
signals is used to identify the beginning and end of each heartbeat, and to retrospectively sort
the data into different cardiac phases*>%’.

Image reconstruction

The acquired k-space data, now sorted into respiratory and cardiac phases, as well as into
the four different velocity-encoding readouts (Figure 13C). The resulting 6D dataset (x-y-z-
respiratory-cardiac-velocity dimensions), contains highly undersampled imaging volumes that
share redundant information across the cardiac and respiratory dimension. This dataset is then
reconstructed using a k-t sparse SENSE algorithm, which exploits sparsity along both the
cardiac and respiratory dimensions®®?8, The compressed-sensing-based algorithm focuses on
solving the following optimization problem:

m = argrlnninIIFCm = sll7 + 2 1V,mlly + AcIVemll,

where m is the resultant 5D reconstructed image; F is the non-uniform fast Fourier transform
operator; C refers to the coil sensitivities; s refers to the acquired k-space dataset; V,. and V. are
the first-order difference operators along the cardiac and respiratory dimensions, respectively;
and A, and A, represent the corresponding regularization weights, which are manually
optimized for each type of sequence. The optimization problem is solved using a nonlinear
conjugate gradient with backtracking line search??#%8°  Since all four velocity-encoding
readouts are acquired for every k-space sample, the velocity-encoding dimension is fully
sampled, and therefore image sparsity will not be explored in this dimension.
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A. 3D, free breathing, ECG-less continuous acquisition
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Figure 13. Free-running PC-MRI framework. A) The imaging sequence, B) the respiratory and cardiac motion
detection and signal extraction, C) data binning into a 6-dimensional dataset (x-y-z-respiratory-cardiac-velocity
dimensions) for image reconstruction. Figure retrieved from Ma et al, Radiology Cardiothoracic Imaging. 2020"°.

The free-running PC-MRI framework has several advantages when compared to the state-
of-the-art 2D PC-MRI and the conventional 4D flow MRI'". First and foremost, this sequence
provides whole-heart coverage with isotropic resolution in a fixed and predictable scan time.
Additionally, contrarily to 2D PC-MRI and conventional 4D flow MRI, the quantification of
respiratory-resolved flow measurements is now possible, and it allows for the investigation
respiratory-dependent hemodynamic changes, which could be interesting to study in certain
patient cohorts, such as patients who underwent the Fontan procedure (Chapter 1.1)"°.

Additionally, although the current framework reconstructs data into 5D flow datasets, the
versatility of the free-running acquisition scheme is such that the acquired data can be sorted in
different ways. For instance, in a study including patients with arrhythmia, the free-running PC-
MRI datasets were sorted by the heart-beat duration, to investigate the effects of arrhythmia in
flow quantification®. Alternatively, flow datasets could be sorted along the cardiac dimension
without resolving respiratory motion or vice-versa.

Despite the potential shown by the free-running PC-MRI framework as a paradigm shift in
the way PC-MRI is performed, this framework is still under development and, therefore,
presents some limitations that need to be investigated. For example, respiratory and cardiac
signal extraction strategies are strongly tied to specific sequence parameters, and this coupled
interaction limits the optimization of the sequence, that may benefit from new acquisition
schemes to reduce scan times, improve image quality, or even acquire higher spatial resolution
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data, that is essential to study pediatric congenital heart disease populations. Moreover, the
study of respiratory and cardiac motion has not been fully exploited in free-running PC-MRI,
and the development of new mechanisms to better mitigate motion-related artifacts could enable
better image quality, and benefit sequence and reconstruction optimization efforts.
Additionally, while sequence optimization is limited by multiple factors, the overall goal is to
generate high quality flow datasets in an easy-to-use fashion at fixed scan times, with high
spatial resolution and good image quality for both anatomy and flow information.

1.6. Outline of the Doctoral thesis

In this thesis, novel technical innovations that address practical challenges in 3D PC-MRI
are developed, validated, and tested in clinical cohorts. This is in keeping with the goal of
improving our ability to quantify blood flow, an important biomarker in the diagnosis and
management of cardiovascular disease. In the following chapters:

Chapter 2) Pilot Tone Navigation was integrated, for the first time, in to the free-
running PC-MRI framework and used to detect cardiac and respiratory signals without
the need for external devices while still being fully decoupled from the sequence
acquisition, thus simplifying further optimizations of the framework.

Chapter 3) A 3D motion correction tool, called focused-navigation, or fNAV, was
implemented to correct respiratory motion in the free-running PC-MRI framework, for
improving image quality and the quantification of flow measurements, as well as for
simplifying the current image reconstruction and enable new acceleration strategies.

Chapter 4) Building on the above development of Pilot Tone navigation, where self-
navigation and the imaging sequence are now entirely decoupled, and of fNAV, where
respiratory motion was successfully corrected to simplify image reconstruction, a novel
method for synchronizing two consecutively acquired free-running framework
sequences was developed to create a more comprehensive PC-MRI scan with improved
image quality and without the need for contrast injection. The technique, called
Synchronization of Neighboring Acquisitions using Physiological Signals, or
SyNAPS, synchronizes anatomy and flow information from two separate sequences,
enabling a dynamic segmentation of vessels and improved flow assessment

In parallel to these main projects, several complementary avenues were explored in keeping
with the goals of addressing practical challenges in the free-running PC-MRI framework:

Chapter 5.1) A study on the effects of contrast agents in the outcome of the free-
running PC-MRI framework in a cohort of congenital heart disease patients.

Chapter 5.2) A comparison between blood flow measurements from the free-running
PC-MRI framework at two different magnetic field strengths: 1.5T and 3T.

Chapter 5.3) The development of a deep-learning-based algorithm to estimate ECG-
like cardiac motion triggers using self-gating readouts of free-running PC-MRI data.
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Chapter 6 summarizes the content of this thesis and provides an outlook for future work,
including clinical validation of the technical innovations developed in the preceding chapters.
Finally, the Supplementary Information Chapter reports all the additional work that was built
upon the projects developed in this doctoral thesis.
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Chapter 2.
Pilot tone navigation for respiratory and

cardiac motion-resolved free-running
5D flow MRI

2.1. Overview

The detection of respiratory and cardiac signals in 3D PC-MRI is usually performed
separately, with diaphragmatic navigators being the most common tools to monitor respiratory
motion, and ECG being the gold standard to record the heart’s electrical activity. Nevertheless,
the efficiency of the diaphragmatic navigators depends on the patient’s physiology and
anatomy, causing unpredictable scan times. Additionally, adding the ECG introduces additional
setup time, and its signal can sometimes be corrupt, due to limitations in ECG lead placement,
or physiological features of the patients, or even due to MR-derived magneto hydrodynamic
effects and gradient switching that can induce additional electrical currents, all which
compromise the ECG signal detection.

Alternatively, self-gating tools have been shown to provide an accurate detection of both
respiratory and cardiac signals, but their performance is sequence dependent. In the free-
running PC-MRI framework, the use of self-gating readouts creates a large interdependency
between a good imaging trajectory, the need to repeat each readout multiple times for velocity
encoding, and the sampling frequency of the self-gating readouts. For these reasons, it would
be of interest to find a solution that entirely decouples the imaging part of the sequence and
physiological signal extraction.

In this study, we explored the integration of the Pilot Tone Navigation system into the free-
running PC-MRI framework to detect respiratory and cardiac motion signals. Pilot Tone is a
recently developed MR image-independent motion detection system that has been shown to
provide accurate detection of physiological signals. A signal extraction framework was
implemented using Pilot Tone to inform a respiratory and cardiac motion resolved 5D flow
image reconstruction that was shown to yield equivalent flow measurements with respect to 5D
flow reconstructions of the same data using self-gating. Moreover, Pilot Tone was shown to be
unaffected by parameter changes in the imaging sequence, which may prompt new sequence
trajectory optimizations of the free-running PC-MRI framework.

25



2.2. Personal contribution

Among the main contributions for this project, I was the primary investigator in this study.
I implemented and optimized the full signal extraction framework for Pilot Tone and interfaced
it with the free-running sequences. Together with the last two authors, Dr. Christopher W. Roy,
PhD, and Prof. Matthias Stuber, PhD, we defined the study pipeline and the hypothesis we
wanted to test. I performed the entire data analysis and acquired all the volunteer data at the
scanner. All the remaining authors were valuable contributors in advising and/or providing
patient data.

2.3. Article Peer-Reviewed

Two abstracts related to this work were presented at two international scientific conferences
(Supplementary Information A3.1 and A3.2). The first abstract was presented at the 23rd SCMR
meeting in 2020 with the title “5D Flow using Pilot Tone for cardiac and respiratory self-
gating”, where it was selected as one of the best posters to display at SCMR/ISMRM Co-
Provided Workshop. The second abstract, named “5D Flow — A quantitative in vivo comparison
between Self Gating and Pilot Tone Gating”, was presented at the 30th ISMRM International
meeting in 2020, where it was awarded a 2™ place at the Flow and Motion Study group. The
main study has since been peer-reviewed and published in the Journal of Magnetic Resonance
in Medicine in February 2022, with the title “Pilot tone navigation for respiratory and cardiac
motion-resolved free-running 5D flow MRI”. Since its publication, this work has already been
cited by 15 additional studies, according to the Google Scholar search engine.
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1 | INTRODUCTION

4D flow MRI provides a quantitative evaluation of he-
modynamics across an entire 3D volume, allowing for
simultaneous assessment of flow in multiple vessels and
cardiac chambers.'? As a result, 4D flow has become an
integral part of the diagnosis and patient management
for disorders such as congenital heart disease (CHD) and
valvar abnormalities.** Typically, diaphragmatic navi-
gators are used to monitor respiratory displacement and
discard data acquired during inspiration, thus eliminating
blurring artifacts caused by respiratory motion. However,
the efficiency of these respiratory navigators depends on
the patient’s physiology and anatomy, causing unpredict-
able scan times.” Consequently, it becomes challenging to
routinely acquire 4D flow datasets covering the heart and
great vessels (whole-heart coverage) in a clinically accept-
able time (<10 min).

To improve scanning efficiency, several methods have
been proposed to collect flow data throughout the en-
tire respiratory cycle and either retrospectively trigger,®
correct,7 or resolve respiratory motion.> ™ Here, as in
other studies, we refer to respiratory and cardiac motion-
resolved volumetric flow imaging as 5D flow imaging.

Existing approaches for 5D flow imaging take advan-
tage of self-gating (SG), where physiological motion can
be directly derived from the acquired imaging data. To re-
solve respiratory motion, the datasets are binned accord-
ing to the amplitude of a SG respiratory curve, whereas
cardiac motion is resolved by binning data according to
time points derived from SG cardiac triggers, effectively
removing the need for electrocardiography (ECG) place-
ment and thereby promoting a faster and simpler patient
setup.s"11

The main drawback behind SG strategies is their de-
pendence on the periodic sampling of either a point or a
1D readout,” ! which if not sampled frequently enough
may limit the precision of the SG respiratory curves and,
especially, cardiac triggers. Likewise, for the SG strategies
requiring the repetition of 1D readouts, the limitations of

flow PT and from 5D flow SG. A decrease in the cardiac triggering quality of
SG was observed for increasing readouts per interleave, whereas PT quality re-

Conclusion: PT has been successfully integrated in 5D flow MRI and has shown

equivalent results to the previously described 5D flow SG technique, while being
completely acquisition-independent.

5D flow MRI, cardiac motion, free-running, pilot tone, respiratory motion

gradient hardware and the need to minimize both eddy
current effects and sequence dependent artifacts'*"? limit
our ability to arbitrarily switch between imaging and SG
readouts without impacting scanning efficiency and the
final image quality. This issue is further confounded by
flow sequences, which repeat each readout multiple times
for velocity encoding. It would therefore be of interest to
find a reliable alternative to extract respiratory curves and
cardiac triggers with high sampling rate without impact-
ing the image acquisition scheme.

Recently, the pilot tone (PT) navigation system was pro-
posed as an MR image-independent motion detection sys-
tem.'* The PT navigation system, implemented by Speier
et al.,’*'% consists of a small loop antenna, integrated in-
side a chest coil array, that transmits a continuous-wave
RF signal into the magnet bore at a frequency outside of
the frequency band of the MR imaging signal, ergo not
disturbing the image acquisition but still inside the use-
able receiver bandwidth. This signal is then captured by
all active receiver coils after having been modulated by
the underlying motion. From this signal, it is possible to
extract respiratory curves in agreement with conventional
MR navigators,'*!” as well as cardiac triggers comparable
to ECG gating,">'® all in parallel to the MRI acquisition.
Thus, PT may be a valuable alternative to the aforemen-
tioned MR data-driven SG approaches by providing sig-
nals with a higher sampling rate that are independent
from the image acquisition.

The goal of this work was the integration of the PT
navigation system into a recently proposed free-running
radial flow framework for respiratory- and cardiac motion-
resolved radial 5D flow imaging.”'® PT was compared to
the previously described SG method and was validated in
the 5D flow framework for healthy subjects and patients
with CHD. As a reference measurement, 5D flow recon-
structions were additionally compared to conventional
ECG-triggered and respiratory navigated Cartesian 4D
flow acquisitions. We tested the following 3 hypotheses: 1)
PT provides equivalent respiratory curves and cardiac trig-
gers to SG as part of a published 5D flow protocol; 2) 5D
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flow image reconstruction using PT yields equivalent flow
measurements with respect to 5D flow reconstructions of
the same data using SG; 3) PT signals, unlike SG, are un-
affected by changes to the underlying 3D radial sequence
trajectory.

2 | METHODS

2.1 | Study cohort and data acquisition

A cohort of 15 healthy adults (7 female, age 23-34 years)
and 9 patients (3 female, age 13-55 years) with CHD (pa-
thologies listed in Supporting Information Table S1) were
scanned on a 1.5T Magnetom Sola (Siemens Healthcare,
Erlangen, Germany) using a 12-channel body coil array
with an integrated PT generator. All subjects participating
in this study, or their legal guardians in case of minors,
provided written informed consent compliant with our in-
stitutional guidelines and approved by the local research
ethics committee.

For each subject, a prototype free-running radial 3D
whole-heart flow sequence — hereafter referred to as 5D
flow sequence’ — was acquired, and PT data was recorded
with every readout of the flow sequence by activating the
system’s integrated PT signal detection functionality. For
reference, a conventional ECG gated respiratory navigated
Cartesian 4D flow sequence covering the aorta was also
acquired.’ Scan parameters are provided in Table 1.

o . o o 3
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2.2 | 5D flow pulse sequence

The 5D flow framework implemented in the present
study’ is based on a previously reported free-running
framework for 5D radial whole-heart imaging® that
continuously samples k-space following a 3D radial spi-
ral phyllotaxis sampling pattern.'® In the 5D flow setup,
several spiral interleaves are acquired sequentially and
rotated by the golden angle. Each interleave includes a
readout orientated along the superior-inferior (SI) direc-
tion for subsequent extraction of SG respiratory curves
and cardiac triggers,'® followed by a series of radial im-
aging readouts spiraling down k-space. Every imaging
readout, aside from the SI readouts, was repeated 4 times
for balanced 4-point velocity encoding. In order to ensure
a sufficient sampling rate of the SI projections for extract-
ing cardiac motion, the number of radial angles sampled
per interleave (excluding SI readouts) was established
as 5, resulting in a total of 21 readouts per interleave
(1 SI + (5 readouts X 4 velocity encoding)). The described
5D flow framework has been previously validated both
in vitro and in vivo in a cohort of patients with aortic
disease.” In addition to using SI readouts for SG (sam-
pling frequency of 10.2 Hz), PT signals were extracted at
every readout in parallel to the image acquisition (sam-
pling frequency of 214.1 Hz), and gold standard ECG sig-
nals (sampling frequency of 400 Hz) were also recorded
throughout the 5D flow scan for subsequent cardiac trig-
gering comparisons.'®

TABLE 1 Scan parameters for 5D flow and reference 4D flow acquisitions
5D flow 4D flow reference
Trajectory 3D radial 3D Cartesian
Respiration Gated Triggered
Cardiac gating ECG/SG/PT ECG
TE/TR 2.93/4.67 ms 2.33/5.08 ms
RF excitation angle 7° 7°
Coverage Whole heart Aortic arch
Acquisition efficiency 100% 32-97%
Acceleration rate R =43-75 GRAPPA,R =2
Healthy cohort Patient cohort Healthy cohort Patient cohort
Venc 150 cm/s 150-200 cm/s 150 cm/s 150 cm/s
Temporal resolution 38.3-40 ms 38.5-40 ms 21.6-38.1 ms 39.9-40.8 ms

Spatial resolution 2.5%2.5% 2.5 mm>

[2.1-2.5] X [2.1-2.5]

2.5%2.5% 2.5 mm?’ 2.5 2.5 % 2.5 mm?®

% [2.1-2.5] mm*®

FOV 240 X 240 X 240 mm?®

Acquisition time 7:53 min 7:53-8:55 min

(200-240) X (200-240)
x (200-240) mm?

(200-300) X (360-420)
% (75-90) mm?®
4:25-12:34 min

(166.7-240) x (300-360)
X (83.2-110) mm*®

4:42-9:29 min

Scan time in CHD patients was adapted for each clinical case, depending on resolution, FOV, and maximum venc.

CHD, congenital heart disease; ECG, electrocardiogram; PT, pilot tone; SG, self-gating; venc, velocity encoding.
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2.3 | Physiological signal extraction

The approach for both PT and SG signal extraction frame-
works was based on the work by Di Sopra et al.'® for the
free-running 5D framework, which is summarized in
Figure 1. This signal extraction pipeline was implemented
in MatLab R2018b (MathWorks, Natick, MA). First, for
SG, the SI readouts extracted from the imaging data were
corrected for trajectory-dependent imperfections caused
by eddy currents, gradient timing delays, and the mag-
netohydrodynamic effect. The effect of these trajectory
imperfections in the SG signal is related to the chosen tra-
jectory architecture for image acquisition.’® Conversely,
the PT signals, emitted at a different frequency, are not
affected by the same confounding effects in the current
setup; thus, no correction algorithm was performed on
those signals. The frequency spectrum for both SG and PT
signals in 1 representative subject, before (PT and SG) and
after (only SG) correcting for the trajectory imperfections,
is shown in Supporting Information Figure S1.

The remaining signal extraction steps were identical
for both PT and SG pipelines. Principal component analy-
sis was applied to reduce data complexity and to segregate
the respiratory and cardiac components. From the first ten
principal components, an estimate of the subject-specific
frequency range of the respiratory motion was retrieved,
and the principal component with the strongest modula-
tion over the identified range was selected to describe the
respiratory curve. To extract cardiac motion, independent

component analysis was performed on top of the previ-
ously extracted principal components. Pre-applying prin-
cipal component analysis to these high dimensional
datasets reduces computational complexity and enhances
independent component analysis performance.?**' Then,
the subject-specific frequency range of cardiac motion
was estimated, and the independent component with the
strongest modulation in the defined range was singled out
to represent the cardiac signal. From the SG cardiac sig-
nals, similarly to the implementation by Di Sopra et al.,'®
cardiac triggers were marked at the zero-crossing time
points. Conversely, for PT gating, the local minima was
chosen as the trigger point."

2.4 | Datasorting

For each signal extraction type (PT and SG), the indi-
vidual readouts were assigned to bins independently of
their position in the originally acquired interleave; how-
ever, to ensure consistency, velocity encodes for a given
readout were assigned to the same respiratory and cardiac
phase, creating 6D arrays (ky-ky-k,-respiratory-cardiac-
velocity encode). The resulting 5D flow datasets sorted
using PT and using SG will be hereafter referred to as 5D
flow PT and 5D flow SG, respectively. For both PT and
SG, the extracted respiratory curve was used to partition
the acquired 5D flow data into 4 equally distributed res-
piratory motion states, ranging from end-inspiration to

(A) 5D Flow data B (C) Motion signal (E) image (F) statistical
Ry Signal Pre-Processin " Binnin, " ¢
acquisition ( ) e g Extraction (D) e Reconstruction analysis
K-space |
imaging data ‘ 4D Flow
| Images
RESPIRATORY RESPIRATORY | | !
- i i inni |
- Band-Pass Filtering Binning B 5D Flow + SG !
Trajectory-dependent CARDIAC CARDIAC H CS recon. Flow dynamics
Frequency PCA ICA i kool oL i
Components Filtering EhCEasSielng e
e x :
5 yy
Raw Pilot = R CARDIAC cARDIAC | | ¢ Cardiac and
Tone signal Band-Pass Filtering Binning » 5D Flow + PT 1| || Respiratory Signal
RESPIRATORY RESPIRATORY | || Ciecon Comparison
Band-Pass Filtering Binning
|
ECG -
— Self-gating (SG) signal extraction — Pilot Tone (PT) signal extraction — K-space imaging data E Cardiac triggers »4D Flow data

FIGURE 1

Schematic of the pipeline used for this work. (A) The acquired 5D flow datasets were used to extract SG respiratory curves

and cardiac triggers. In parallel, PT signals were also used to extract respiratory curves and cardiac triggers. (B) SG signals were corrected for

trajectory dependent artifacts. Both SG and PT signals were preprocessed using principal component analysis and independent component

analysis. (C) The range of respiratory and cardiac motion was used to find the best representation of each modulation. The extracted
respiratory curves from SG and PT were compared with each other, and cardiac triggers were compared with each other as well as with ECG
triggers (F). (D) Finally, the 5D flow dataset was binned into respiratory and cardiac phases based on the PT signals (5D flow PT), SG signals
(5D flow SG), and (E). XD-GRASP was used to reconstruct both datasets. (F) Finally, flow hemodynamics of the 5D flow PT and 5D flow SG
were compared with conventional 4D flow. ECG, electrocardiogram; PT, pilot tone; SG, self-gating
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end-expiration, according to the amplitude of signal at
each time point. Similarly, data were also assigned to dif-
ferent cardiac phases using the extracted cardiac triggers.
The width of each cardiac bin was fixed to 40 ms, resulting
in a variable number between 19 and 31 cardiac phases
obtained from binning, depending on the individual heart
rate of each subject.

2.5 | Image reconstruction

5D flow PT and 5D flow SG images were reconstructed
offline using the previously described free-running frame-
work,'® wherein a multidimensional compressed sensing
algorithm enforces sparsity along both respiratory and
cardiac dimensions.”** All SI projections, previously
used for SG, were removed prior to image reconstruction.
Respiratory and cardiac regularization weights were set to
0.005 and 0.0075, respectively, matching those used previ-
ously.’ All 5D flow reconstructions were performed using
MatLab R2018b (MathWorks) on a workstation equipped
with 2 Intel Xeon CPUs (Intel, Santa Clara, CA), 512GB
of RAM, and a NVIDIA Tesla GPU (Nvidia, Santa Clara,
CA). Reconstruction time for each 5D flow dataset varied
from 8-13 h, depending on the number of cardiac phases
and the number of active receiver channels. Conversely,
reference 4D flow image reconstructions were directly
provided by the scanner reconstruction pipeline during
the examination.

2.6 | Analysis of respiratory curves and
cardiac triggers

To test our first hypothesis, that PT provides equivalent
physiological signals to SG, quantitative comparison of
respiratory curves extracted using PT and SG was per-
formed by measuring the consistency between data
binned with PT and SG gating, respectively, defined by
the percentage of coinciding (overlapping) data points be-
tween respiratory phases. Additionally, for each 5D flow
PT and 5D flow SG reconstruction, the end-expiration
and end-inspiration images were rigidly coregistered
over a region of interest containing the lung-liver inter-
face using NiftyRegv1.3.9Ad (University College London,
United-Kingdom).*** The resulting displacement meas-
ure along the SI direction was used to quantitatively
compare respiratory motion detection from the PT and
SG signals.

Quantitative comparison of cardiac triggers was per-
formed by comparing the time between consecutive trig-
gers (heartbeat interval duration) derived from PT and SG
to gold standard ECG. Additionally, the trigger jitter was
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defined and calculated as the standard deviation across
the trigger delays between every pair of corresponding
triggers for either PT or SG versus ECG." To exclude
missed triggers from the analysis, rejection of individual
triggers was performed using an outlier rejection strategy
described previously.'® This strategy excludes heartbeat
intervals that are 1.5 times longer or 0.5 times shorter than
the median heartbeat estimated for 20 consecutive heart-
beats around each interval.'® Two subjects had more than
1% of reported corrupted ECG cardiac triggers and were
therefore excluded from the cardiac trigger comparison.
For the remaining subjects, only individual ECG triggers
were excluded.

2.7 | Analysis of flow measurements

To test our second hypothesis, that PT enables equiva-
lent flow measurements to SG, the images reconstructed
from 5D flow and 4D flow datasets were first preprocessed
using noise filters, background phase correction, and anti-
aliasing correction. A second-order 3D background phase
correction model was implemented for 5D flow imaging,’
whereas a first order correction was used for 4D flow ac-
quisitions."? The order of each correction model differed
because the phase offset is derived from eddy currents,
and this offset depends on the type of trajectory used
(Cartesian, radial, etc.).

For this analysis, only the end-expiratory phase images
of 5D flow PT and 5D flow SG were used because the focus
of this study was not to understand the differences in re-
spiratory hemodynamics but instead to validate PT as a
valid alternative to SG for 5D flow imaging. The acquired
4D flow datasets were included in the analysis as a ref-
erence measurement. For each flow dataset included in
this study, the time-averaged phase-contrast angiogram
was calculated using the magnitude and phase images of
each dataset. From these phase-contrast angiogram im-
ages, a segment of the aorta was selected based on image
thresholding.

Four aortic 2D planes were manually selected for our
comparison. The first plane was located at the lower as-
cending aorta, slightly above the aortic root. The second
plane was located at the upper ascending aorta, before the
aortic arch. The third plane was located at the end of the
aortic arch (Arch), and the final plane was located at
the distal descending aorta (DAo) between the third plane
and the diaphragm. The flow rate was computed for each
2D plane across the entire cardiac cycle. Net flow (flow
volume across a cardiac cycle), peak flow rate, and peak
velocity were calculated per slice for all 5D flow data-
sets, as well as for the control 4D flow datasets. All seg-
mentations and measurements were computed using the
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t test between every 2 datasets (5D flow PT vs. 5D flow
SG, 5D flow PT vs. 4D flow, and 5D flow SG vs. 4D flow).
Bonferroni correction was performed to compensate for
the 3 flow dataset comparisons. Finally, net flow and peak
flow rate were compared for bias between each 2 datasets
for all planes using Bland-Altman plots.

3 | RESULTS

3.1 | Analysis of respiratory curves

The respiratory curve analysis from the healthy cohort
(Table 3) revealed some small differences in binning when
using PT versus SG. The average percentage of overlapping
respiratory bins between the 2 modalities was 84.2% in
end-expiration, 75.1% and 81.9% in the 2 mid-respiratory
phases, and 90.7% in end-inspiration. Results from the
patient cohort revealed similar (albeit lower) agreement
between PT and SG respiratory bins (Table 3), with an av-
erage overlapping percentage of 80.8% for end-expiration
69.3% and 74.9% in the 2 mid-respiratory phases and
86.9% for end-inspiration. Binning mismatch between PT
and SG was mostly distributed across the neighboring bins
with a distribution between 8.6% and 18.7%.

The Pearson correlation coefficient between the ex-
tracted PT and SG respiratory curves was 0.95 + 0.06 for
healthy subjects and 0.95 + 0.04 for patients. The PT and
SG respiratory curves for a representative healthy subject
reporting high signal correlation (0.99, P < .05) are shown
in Figure 2A, B. depicts the PT and SG respiratory curves
from the healthy subject reporting the lowest signal cor-
relation (0.81, P < .05), where signal baseline drifts of dif-
ferent amplitude are found for both modalities.

The mean displacement of the liver measured between
end-expiratory and end-expiratory 5D flow PT and 5D flow
SG images were comparable in both the healthy volunteers
(PT: 11.19 + 3.66 mm, SG: 10.65 + 3.81 mm, P = .57) and
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patient (PT: 9.45 + 3.70 mm, SG: 9.14 + 3.54 mm, P = .25)
cohorts.

3.2 | Analysis of cardiac triggers

One subject reported 4 missed ECG triggers, which were
excluded from the remainder of the analysis. Additionally,
1 subject reported 3 missed PT triggers, and another sub-
jectreported 2 missed SG triggers. Overall, both PT and SG
heartbeat interval duration measures showed a low bias
with ECG (Figure 3). Bias values for each Bland-Altman
plot were 0.16 + 64.94 ms for PT versus ECG and 0.24 +
63.68 ms for SG versus ECG in healthy subjects, and were
0.01 + 39.29 ms for PT versus ECG and 0.09 + 32.79 ms
for SG versus ECG in patients. Figure 2C shows 3 cardiac
signals (PT, SG, and ECG) together with their respective
triggers extracted for 1 representative subject during a 5D
flow acquisition.

Trigger jitter measurements did not show significant
differences (P > .05) between PT versus ECG and SG ver-
sus ECG. Values reported in healthy subjects were 13.9 +
8.2 ms for PT versus ECG and 17.0 + 4.6 ms for SG versus
ECG. These values correspond to 1.4 + 0.7 % and 1.7 +
0.4 % of the average heartbeat duration, respectively. The
same measurements in patients reflected similar results,
being 13.0 + 5.7 ms for PT versus ECG and 17.3 + 4.9 ms
for SG versus ECG, or equivalently representing 1.3 + 0.6%
and 1.7 + 0.4% of the average heartbeat duration.

3.3 | Analysis of flow measurements

Figure 4 depicts 3D aortic streamlines at peak systole
of 2 representative healthy subjects and 1 CHD patient
(Marfan syndrome) for the 5D flow PT, 5D flow SG, and
4D flow imaging datasets. A comparison of the magni-
tude and phase images from 5D flow PT and 5D flow SG

TABLE 3 Respiratory binning consistency assessment between SG and PT datasets across all 15 healthy subjects and 9 CHD patients

PT Binning

Healthy Subjects CHD Patients

End-exp Mid-exp Mid-insp End-insp End-exp Mid-exp Mid-insp End-insp

SG binning End-exp 84.2 % 151 % 0.5% 0.2% 80.8 % 18.7 % 0.4 % 0.3%

Mid-exp 15.6 % 751 % 8.8 % 0.5% 18.6 % 69.3 % 11.9 % 0.2 %
Mid-insp 0.1 % 9.3 % 81.9 % 8.6 % 0.5% 11.7 % 74.9 % 12.8 %
End-insp 0.03 % 0.5% 8.8% 90.7 % 0.01% 0.3% 12.8 % 86.9 %

The percentage of overlapping data points was measured for every pair of PT and SG bins. In general, non-overlapped bins from the same respiratory phase

were assigned to the neighboring phases.
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FIGURE 2 Respiratory and cardiac signals extracted from PT and SG plotted for a set of representative subjects. (A) Representation

of the PT and SG relative respiratory curves over time for the healthy subject who had the highest reported Pearson correlation coefficient

between PT and SG signals (0.99). (B) PT and SG relative respiratory curves over time for the healthy subject reporting the lowest Pearson

correlation coefficient. Black arrows denote instances during the scan where the subject took deep breaths at irregular intervals (0.81). (C)

Visualization of the PT and SG cardiac signals and their corresponding ECG signal for 1 representative subject demonstrating similar, albeit

out-of-phase periodic detection of cardiac motion. Cardiac triggers for each modality are marked with colored asterisks (*)

reconstructions of a representative subject are included in
Supporting Information Figure S2. The 2 healthy subjects
selected (Figure 4A,B) correspond to the ones shown in
Figure 2A,B (highest and lowest respiratory correlation).
Figure 4 also depicts the location of the 2D analysis planes
for each case. For each streamline image, white arrows
highlight differences between aortic flow streamlines
when comparing the two 5D flow and the reference 4D
flow datasets. For the 2 healthy subjects, the largest dif-
ferences between 4D flow streamlines and the remain-
ing ones were reported in the descending aorta, whereas
the largest difference reported for the 22-year-old CHD
patient was at the level of the ascending aorta. Figure 5
shows the flow rate curves of the same subjects using 5D
flow PT, 5D flow SG, and 4D flow. In general, the flow

rate curves overlap between 5D flow PT and 5D flow SG
reconstructions.

The analysis of the different flow measurements
across the 2 cohorts (Figure 6) reported similar results to
what had already been reported in the flow rate curves
for the previous representative cases. In the cohort of
healthy subjects, there were no significant differences re-
ported for any of the flow measurements (net flow, peak
flow rate, and peak velocity) when comparing the images
from 5D flow PT and from 5D flow SG. Conversely, there
were some significant differences between 5D flow PT
and 4D flow measurements (net flow of DAo, peak flow
rate of Arch and DAo, peak velocity of DAo; P < .05), and
there were also reported significant differences between
5D flow SG and 4D flow measurements (net flow of DAo,
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(B) PT vs ECG triggers - Patient cohort
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Quantitative comparison of heartbeat estimations from 13 healthy subjects (2 subjects were excluded from this analysis)

and 9 patients. Each Bland —Altman plot compares differences between the ECG heartbeat interval duration for all cardiac intervals and
the corresponding heartbeat duration estimated from PT (A,B) and SG (C,D) cardiac triggers. The linear correlation between the heartbeat
durations in both healthy subjects (A,C) and patients (B,D) is excellent r* > 0.95. The 2 healthy subjects excluded from this analysis had

limited ECG quality (>1% of reported corrupted triggers)

peak flow rate of aortic root, Arch and DAo, peak velocity
of Arch and DAo; P < .05). Likewise, the analysis of the
CHD patient cohort showed a good agreement between
5D flow PT and 5D flow SG measurements, and some
discrepancies when compared to 4D flow datasets (net
flow of DAo for 5D flow SG, and peak velocity of Arch
and DAo for both 5D flow reconstructions vs. 4D flow;
P < .05).

Bland-Altman plots on the healthy cohort analyzing
net flow (Figure 7A-C) reported a bias of —0.5 + 10.7
ml for 5D flow PT versus 5D flow SG, 4.8 + 31.6 ml for
5D flow PT versus 4D flow, and 5.3 + 31.4 ml for 5D
flow SG versus 4D flow. Regarding peak flow measure-
ments (Figure 7D-F), Bland-Altman plots showed biases
of 0.6 + 23.7 ml/s for 5D flow PT versus 5D flow SG,

6.2 + 35.0 ml/s for 5D flow PT versus 4D flow, and 5.6 +
38.3 ml/s for 5D flow SG versus 4D flow. Overall, these
results showed good agreement between 5D flow PT and
5D flow SG measurements, and some underestimations
relative to the 4D flow reference.

3.4 | Impactof sequence parameters on
PT and SG signals

The average background velocity decreased as the number
of readouts acquired per interleave was increased (Table 2).
Accordingly, the corresponding decrease in SG sampling
frequency led to progressively worse estimations of heart-
beat interval duration and trigger jitter. Conversely, the
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sampling rate of PT remained constant for each configura-
tion of k-space sampling.

4 | DISCUSSION

In this study, PT-based estimation of physiological motion
was successfully integrated into the 5D flow framework.
With this approach, the extraction of respiratory curve
and cardiac triggers, as well as the subsequent flow quan-
tification, were shown to provide equivalent results to the
previously described SG framework. Furthermore, we
demonstrated both the sensitivity of SG and the insensitiv-
ity of PT to changes in the data acquisition, thus highlight-
ing the potential of using PT to further optimize radial 5D

5D Flow SG  Conv. 4D Flow

5D Flow SG  Conv. 4D Flow

FIGURE 4 Flow streamlines in the
aorta. Flow streamlines are displayed for
100 ecm/s 2 representative h.ealthyhvolunteers (A-B)
and 1 representative patient (C). Four

2D segments (ascending aorta: AAol,
ascending aorta pre-aortic arch: AAo2,
end of aortic arch: Arch, and descending
aorta: DAo) were drawn for each of the
flow datasets (5D flow PT, 5D flow SG,
and conventional 4D flow). The velocity
streamlines depicted in A correspond to
the subject whose respiratory motion had
the highest correlation between PT and
SG (see Figure 2A), whereas the subject
depicted in B is the subject showing the
lowest respiratory signal correlation
between PT and SG (see Figure 2B).
White arrows in the figure denote for each

100 cm/s

subject 1 location in the aorta where both
5D flow reconstructions show similar
streamline patterns while differing from
the reference 4D flow. AAol, aortic root;
AA02, aortic arch; DAo, descending aorta

Conv. 4D Flow

flow acquisitions or free-running whole-heart imaging in
general.

This study details the first use of PT for fully self-gated
whole-heart imaging, as well as the first comparison be-
tween PT and an established SG protocol for both respira-
tory curve and cardiac trigger extraction. We demonstrated
that PT could be successfully applied to both a cohort of
healthy individuals and a cohort of CHD patients.

Both PT and SG have been previously individually vali-
dated as respiratory-tracking sources.'***?” Consequently,
we observed a significantly strong positive correlation
between PT and SG respiratory curves, as well as no sta-
tistically significant differences in liver displacement mea-
surements. Still, the binning distribution variability in the
2 methods suggests there are small differences stemming
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FIGURE 5 Comparison of aortic blood flow measurements in 3 representative subjects. Flow rate curves for 2 healthy volunteers (A-B)

and 1 patient (C) are shown for 4 regions of interest (ascending aorta: AAol, ascending aorta pre-aortic arch: AAo2, end of aortic arch: Arch,

and descending aorta: DAo), using 5D flow PT, 5D flow SG, and conventional 4D flow. The flow rate curves depicted in A correspond to the

subject whose respiratory motion had the highest correlation between PT and SG (see Figure 2A), whereas the subject depicted in B is the

subject showing the lowest respiratory signal correlation between PT and SG (see Figure 2B)

from the ways in which PT and SG are sensitive to motion.
In fact, SG extracts motion from the imaging volume,*
and the modulation of the PT is caused by eddy current
variations in moving tissues.'” Furthermore, the sampling
frequencies of the 2 signals are different, as well as the
number of data points used for each time sample. The
described differences between SG and PT may emphasize
some of the disparities obtained after extracting each re-
spiratory curve and cardiac triggers, as discussed below.
However, these small differences did not yield any signif-
icant quantitative differences for the flow measurements
in this work. Furthermore, the reported binning differ-
ences appear to be correlated to the range of amplitudes
assigned to each respiratory bin, that is, that bins with
narrower amplitude ranges (such as end-expiratory bins)
will naturally have fewer overlapping readouts between
PT and SG and more matches across the neighboring bins.
Therefore, larger binning differences are found in read-
outs that have similar estimated respiratory amplitudes
and as a result cause low motion blur if misplaced.

Prior to comparing the PT and SG cardiac triggers,
ECG signal quality assessment revealed a failure to accu-
rately record ECG signals during the 5D flow acquisition
in 2 healthy subjects. This may have been caused by in-
adequate electrode placement, the subject’s physiologi-
cal features, or by the magnetohydrodynamic effect, as

previously reported.'®?® Regardless of the cause, this fur-
ther demonstrates the importance of alternative cardiac
gating options for the current 5D flow framework. For the
remainder of the subjects, quantitative analysis of cardiac
triggers derived from PT and SG showed good agreement
with ECG. The heartbeat interval duration measure-
ments showed significant correlation values to ECG, and
no significant bias was reported in the trigger jitter mea-
surements between SG versus ECG and PT versus ECG.
Additionally, the reported trigger jitter measurements
were lower than the temporal resolution; therefore, in the
worst-case scenario, any misplaced bin was only shifted
into its neighboring cardiac phase. The results obtained in
this comparative analysis clearly show that the integration
of PT into the 5D flow sequence presents similar perfor-
mance to the SG framework. In fact, when looking at the
trigger jitter results, we can see a small (and nonsignifi-
cant) improvement in jitter measurements for PT when
comparing to SG, which could be related to the sharper
trigger detection mechanism chosen for PT, as well as to
the increased sampling frequency used. Still, the features
used for triggering in both the PT and SG pipelines are ex-
pected to be less well-defined than the established R-wave
peak used in ECG triggering. Further understanding of
the link between the PT signal and its underlying cardiac
physiology may help provide additional improvements to
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FIGURE 6 Quantitative evaluation of flow metrics from 15 healthy volunteers and 9 congenital heart disease patients. Net flow (A,B),
peak flow rate (C,D), and peak velocity (E,F) measurements from 5D flow PT, 5D flow SG, and 4D flow for the healthy cohort (A,C,E) and
patient cohort (B,D,F). No significant differences are reported between the 5D flow PT and 5D flow SG flow measurements for either the
healthy or patient cohorts. Both 5D flow PT and 5D flow SG reported significant differences in the flow measurements when compared to 4D
flow in both cohorts of the study (main differences in Arch and DAo). Interquartile range is drawn by the box limits; black lines correspond
to the sample median; the box whiskers delineate 99.3% coverage assuming a Gaussian distribution of the data; and outliers are marked with
ared cross. AAol: ascending aorta, AAo2: ascending aorta pre-aortic arch, Arch: end of aortic arch, DAo: descending aorta. *P < .05

the current framework. Of note, when varying the trajec-
tory architecture setup, PT trigger jitter remained constant
relative to decreasing SG performance, which further
highlights the potential advantages of PT.

Blood flow measurements derived from 5D flow PT,
5D flow SG, and 4D flow datasets were successfully per-
formed in all 15 healthy subjects and 9 patients with CHD.
When comparing 5D flow PT to 5D flow SG, no statisti-
cally significant bias was found in their respective net flow
and peak flow rate measurements across the 4 examined
regions of interest. The peak flow measurements did show
a relatively large SD, which may be attributed to the in-
herent sensitivity to noise relative to the average flow rate.
When comparing both methods used for 5D flow image
reconstruction to 4D flow datasets, consistent underesti-
mations were observed at the aortic isthmus and the de-
scending aorta. Such discrepancies in flow measurements
have been previously reported for 5D flow SG, both in
vitro and in vivo.’

Phase wraps were reported in a small amount of 5D
flow and 4D flow reconstructions, possibly caused by

uncorrected aliasing or — in the case of 5D flow datasets —
by regularization effects from the compressed sensing
reconstruction, as well as possibly the existence of noisy
voxels at the edge of the aortic segmentation. However,
for a given subject, phase wraps were present in both the
PT and SG reconstructions of the same data and there-
fore did not impact the quantitative comparison of flow
measurements.

The radial phyllotaxis sampling trajectory employed
in this work has been extensively used for structural and
functional imaging'® but has only recently been applied
to flow-sensitive imaging.” As such, the sampling scheme
that is required to ensure adequate sampling of the SI
readout for SG may be adversely affecting the sensitivity
to flow by introducing unintended artifacts and effect the
background phase. This problem, however, is not unique to
our design because other respiratory and cardiac-resolved
3D anatomical phase contrast protocols implemented by
other research groups®'*'**" are also dependent on self-
gating information to extract physiological information
and therefore have limited trajectory options for sampling.
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FIGURE 7 Bland-Altman plots of average net flow (A-C) and peak flow rate (D-F), between 5D flow PT versus 5D flow SG (A,D), 5D

flow PT versus 4D flow (B,E), and 5D flow SG versus 4D flow (C,F). Biases reported for each comparison showed a low variability between

5D flow PT and 5D flow SG

In this study, we briefly investigated the issue by varying
the number of readouts acquired per interleave but keep-
ing the total number of readouts constant (Table 2). This
experiment demonstrated, albeit in 1 subject, that by in-
creasing the number of readouts per interleave, we can in
fact decrease the background velocity error at the expense
of SG cardiac trigger accuracy but without affecting the
quality of PT signals. Therefore, PT allows us to decou-
ple the trajectory design from the signal gating methodol-
ogy and therefore enables the study of different trajectory
designs that, for example, would allow for smaller jumps
in k-space and reduce the effect of eddy currents and tra-
jectory related artifacts. Additionally, using the protocol
described in this work, the removal of the SI projection re-
quired for SG would lead to a ~5% reduction in scan time.
Future work should continue to investigate such optimi-
zations and their effect on flow measurements.

The current study was limited by the acquisition time
of the conventional 4D flow sequence, which precluded
whole-heart coverage and constrained us to quantitative
comparison of flow in the aorta. Nevertheless, the 5D flow
framework had already been validated for whole-heart cov-
erage’; thus, our flow analysis on the aorta still provided us

with a thorough comparison of PT and SG. Additionally,
the lack of an independent ground truth measurement for
respiratory motion limited our ability to assess the true ac-
curacy of PT and SG respiratory curves. As a result, we were
only able to perform a relative comparison between the 2 sig-
nal sources and to evaluate the similarities and differences
between them. Finally, an upgrade to the PT system during
the course of our study resulted in an increased sampling
frequency for the PT signals. This improved system was not
available during volunteer and patient scanning but was
used to interrogate the impact of sequence parameters on
PT and SG signals. Investigating the potential advantages
of the increased PT sampling frequency and its impact on
respiratory curves, cardiac triggers, and subsequent flow
measurements would be of interest for future work.

5 | CONCLUSION

In this work, the PT navigation system was successfully
integrated with the free-running 5D flow framework as a
method for extracting respiratory curves and cardiac triggers
to use in the framework’s reconstruction pipeline, providing
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equivalent results to the previously described self-gated 5D
flow technique in both healthy subjects and CHD patients.
Preliminary results also suggest that, in contrast to self-
gating, the PT performance for the extraction of respiratory
curves and cardiac triggers may not be affected by the type
of radial trajectory chosen for the framework. Therefore, PT
may provide new opportunities for trajectory design and
sampling schemes in 5D flow MRI with the overarching
goal of improving the accuracy of flow measurements in an
efficient, predictable, and clinically acceptable scan time.
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FIGURE S1 Power spectral density (PSD) of self-gating
and Pilot Tone and the influence of trajectory dependent
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imperfections. For a set of representative raw self-gating
signals, it is possible to visualize a high-amplitude fre-
quency component (A.) overlapping with the cardiac
frequency range of the signal (0.7-3Hz). After correcting
the signals for trajectory-related imperfections, the high-
amplitude frequency component disappears from the sig-
nal spectrum (B.). Conversely, this peak is not observed in
the raw Pilot Tone data (C.), and therefore there is no need
for trajectory-related corrections

FIGURE S2 Comparison between 5D flow PT and 5D
flow SG reconstructions for one sagittal slice in peak sys-
tole during end-expiration. Columns depict (from left to
right) the 5D flow PT reconstructed dataset, the 5D flow
SG reconstructed dataset and the percent difference be-
tween the two datasets. Rows depict (from top to bottom)
Magnitude images, velocity images in the y direction, ve-
locity images in the x direction, and velocity images in the
z direction

TABLE S1 List of all congenital heart disease patients
included in this study and their corresponding clinical
conditions

How to cite this article: Falcio MBL, Di Sopra L,
Ma L, et al. Pilot tone navigation for respiratory and
cardiac motion-resolved free-running 5D flow MRI.
Magn Reson Med. 2021;00:1-15. doi:10.1002/
mrm.29023



2.4. Conclusions and Outlook of this work

The successful integration of the Pilot Tone Navigation system within the free-running PC-
MRI framework provides the benefits of self-gating (imaging without ECG placement or
diaphragmatic navigators) but in a way that is independent of the underlying sequence
parameters. This in turn motivates the investigation of alternative k-space trajectories in the
interest of improving the quantification of flow measurements and reducing scanning time,
without the constraints imposed by periodically sampling data points for self-gating. While the
work presented in this chapter has demonstrated the utility of Pilot Tone for flow imaging, its
broader application to other free-running techniques, with variations in contrast and sampling
regimes, is currently being investigated.

For instance, in Chapter 4, Pilot Tone empowered the successful synchronization of two
sequentially acquired sequences, one anatomical free-running sequence and one free-running
PC-MRI sequence. The use of this synchronization technique, named SyNAPS led to the
development of a comprehensive “anatomy + flow” multidimensional dataset that improved the
quantification of flow measurements without the need for injection of contrast agents. This
work was awarded a Suma Cum Laude Merit Award at the 30" ISMRM Annual Meeting in
2022 with an abstract entitled “Free-running 3D anatomical and flow MRI using
Synchronization of Neighboring Acquisitions by Physiological Signals (SyNAPS)”. The
corresponding scientific manuscript is shown in Chapter 4 and is currently under internal review
to be soon submitted to a peer-reviewed academic journal in the field.

Pilot Tone has since then been integrated into a free-running multi-echo GRE framework to
acquire respiratory and cardiac-resolved fat-water quantification of the heart, because it can
provide a sequence-independent highly sampled detection of the motion, while self-gating
would underperform due to the need to acquire 8 echoes within the same readout. This work
was presented at the ISMRM & SMRT Annual Meeting & Exhibition in 2021, by Adele LC
Mackowiak with the title “Whole-Heart Motion-Resolved Multi-Peak Fat-Fraction Mapping
using Free-Running 3D Radial Multi-Echo GRE and Pilot Tone”, where it received a Magna
Cum Laude Merit Award. Additionally, the work is currently being peer-reviewed in a relevant
scientific journal in the field, by the same first author, with title “Whole-heart motion-resolved
multi-peak fat-fraction mapping using Free-Running 3D radial Multi-Echo GRE and Pilot
Tone”.

Under the same topic, Pilot Tone has also been used to obtain respiratory-resolved fat-water
quantification of the liver using the free-running multi-echo GRE framework. This work has
also been presented by Adéle L.C. Mackowiak at the Joint ISMRM-ESMRMB Annual Meeting
in 2022, with title “Pilot Tone-guided focused navigation for free-breathing whole-liver fat-
water quantification”.

For whole-heart T2 mapping, Simone Rumac was able to demonstrate the benefits of
performing respiratory and cardiac signal extraction using Pilot Tone, while using self-gating
in this context is practically inconceivable, due to the wide range of image contrasts required to
perform T2 mapping. This work was shown in an abstract presented at the Joint ISMRM-
ESMRMB Annual Meeting in 2022, with a study entitled “Free-running isotropic whole-heart
T2 mapping with ECG-free Pilot Tone navigation”.
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Chapter 3.
Focused Navigation for respiratory-

motion corrected free-running radial
4D flow MRI

3.1. Overview

Conventional 4D flow MRI uses prospective respiratory navigation to limit data collection
to the end-expiratory respiratory phase. However, as mentioned before, this option often leads
to unpredictable scan times and does not take advantage of information throughout the entire
respiratory cycle. In order to acquire PC-MRI throughout the respiratory cycle, additional
respiratory compensation tools are needed to ensure reliability of flow measurement
quantification and overall good visualization of the vessels of interest.

In this study, we integrated a respiratory motion correction technique, named focused
navigation (fNAV), to correct free-running PC-MRI datasets and enable a 4D flow
reconstruction. We validated the motion corrected 4D flow dataset against state-of-the art flow
imaging techniques and tested the hypotheses that fNAV can estimate and correct motion of
the heart due to respiration.

The use of fNAV to collapse the respiratory dimension in free-running 4D flow datasets
produces individual 4D flow volumes that contain overall more imaging samples that when
reconstructing 5D flow volumes, which increases the image quality of the obtained images, and
could eventually be a helpful tool to further optimize the free-running sequence, accelerate it,
and/or to increase its spatial resolution.

3.2. Personal contribution

In this study, I was the primary investigator, and together with the last author, Dr.
Christopher W. Roy, PhD, we integrated the fNAV correction framework into the free-running
PC-MRI reconstruction framework to estimate respiratory displacements from self-gated
respiratory signals. Together with Dr. Christopher W. Roy, we defined the study pipeline and
the hypothesis we wanted to test. I performed the entire data analysis and followed the patient

43



acquisitions over time. All the remaining authors were valuable contributions in advising and/or
providing patient data.

3.3. Article Peer-Reviewed

The study described in this section has been initially presented at the 31st ISMRM
International meeting in 2021 with the title “Correcting vs resolving respiratory motion in
accelerated free-running whole-heart radial flow MRI using focused navigation (fNAV)”
(Supplementary Information A3.3), where it received a Magna Cum Laude Award (top 10%).
It has since then been peer-reviewed and accepted at the Journal of Magnetic Resonance in
Medicine in February 2023, with the title “Focused Navigation for respiratory-motion
corrected free-running radial 4D flow MRI”.
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Purpose: To validate a respiratory motion correction method called focused navigation
(fNAV) for free-running radial whole-heart 4D flow MRI.

Methods: Using fNAV, respiratory signals derived from radial readouts are converted into
three orthogonal displacements, which are then used to correct respiratory motion in 4D
flow datasets. Hundred 4D flow acquisitions were simulated with non-rigid respiratory
motion and used for validation. The difference between generated and fNAV displacement
coefficients was calculated. Vessel area and flow measurements from 4D flow recon-
structions with (fNAV) and without (uncorrected) motion correction were compared to
the motion-free ground-truth. In 25 patients, the same measurements were compared
between fNAV 4D flow, 2D flow, navigator-gated Cartesian 4D flow, and uncorrected 4D
flow datasets.

Results: For simulated data, the average difference between generated and fNAV dis-
placement coefficients was 0.04 + 0.32 mm and 0.31 + 0.35 mm in the x and y directions,
respectively. In the z direction, this difference was region-dependent (0.02 + 0.51 mm up
to 5.85 + 3.41 mm). For all measurements (vessel area, net volume, and peak flow), the
average difference from ground truth was higher for uncorrected 4D flow datasets (0.32
+ 0.11cm?, 11.1 + 3.5 mL, and 22.3 + 6.0 mL/s) than for fNAV 4D flow datasets (0.10
+ 0.03cm?, 2.6 + 0.7 mL, and 5.1 +0.9 mL/s, p < 0.05). In vivo, average vessel area mea-
surements were 4.92 + 2.95cm?, 5.06 + 2.64 cm?, 4.87 + 2.57 cm?, 4.87 + 2.69 cm?, for
2D flow and fNAV, navigator-gated and uncorrected 4D flow datasets, respectively. In the
ascending aorta, all 4D flow datasets except for the fNAV reconstruction had significantly
different vessel area measurements from 2D flow. Overall, 2D flow datasets demonstrated
the strongest correlation to fNAV 4D flow for both net volume (r> = 0.92) and peak flow
(r? = 0.94), followed by navigator-gated 4D flow (r* = 0.83 and 7> = 0.86, respectively), and
uncorrected 4D flow (r? = 0.69 and r* = 0.86, respectively).

Conclusion: fNAV corrected respiratory motion in vitro and in vivo, resulting in fNAV 4D
flow measurements that are comparable to those derived from 2D flow and navigator-gated

Cartesian 4D flow datasets, with improvements over those from uncorrected 4D flow.
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4D flow MRI, fNAV, focused navigation, free-running 3D radial PC-MRI, motion correction
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1 | INTRODUCTION

Three-dimensional phase-contrast (PC) MRI or “4D flow
MRI” permits a quantitative evaluation of blood flow-
ing throughout the heart and vessels.! Increasingly, 4D
flow MRI is used in the clinical assessment of heart dis-
ease,’ 8 but despite advances in 4D flow imaging,”'® the
achievable volumetric coverage, ease-of-use, and acqui-
sition time remain largely constrained by the need to
compensate for respiratory motion. Conventional 4D flow
acquisitions use a Cartesian sampling trajectory and a 1D
navigator echo, prescribed along the lung liver interface,
to limit data collection to a manually defined acceptance
window during the end-expiratory respiratory phase.!*?
Therefore, acquisition efficiency is highly driven by the
breathing pattern of each patient, leading to unpredictable
scan times. In practice, 4D flow MRI can be acquired
without navigators and throughout the respiratory cycle to
improve efficiency or reduce scan times, but without addi-
tional respiratory compensation there will be a decrease in
the accuracy of flow measurements and overall visualiza-
tion of the vessels of interest.?>2

Recently, a respiratory-motion correction technique
called focused navigation (fNAV), which estimates dis-
placement from the data itself without the need for addi-
tional hardware, was developed for electrocardiogram
(ECG)-triggered radial whole-heart cardiac magnetic res-
onance angiography (CMRA).?® Using fNAV, a 1D respi-
ratory signal derived from a periodically sampled readout
is converted into respiratory displacement measurements
that span the entire acquisition along all three spatial
dimensions using an auto-focusing algorithm.?*?> In this
way, data can be used from the entire respiratory cycle
while minimizing motion related artifacts, therefore, pro-
viding a more efficient acquisition and reconstruction of
free-breathing data when compared to the conventional
1D navigator approach.

The goal of this work is to extend the fNAV method-
ology to a free-running 3D radial whole-heart PC-MRI
acquisition.!%2%-28 The use of fNAV for respiratory motion
correction presents several potential advantages for
free-running 3D radial PC-MRI. First, it does not require
any additional scans to calibrate respiratory displace-
ment.? Second, it is capable of correcting motion for each
individual readout, which generally cannot be done using
motion correction methods that must first bin the data
into respiratory phases.’® Finally, the 1D respiratory sig-
nal is readily derived from the radial imaging data itself
and therefore, does not require significant modification!”
or interruption®' of the imaging sequence to produce
navigator data.

In this work, we adapted the fNAV methodology for use
in the reconstruction of free-running 3D radial PC-MRI

data, resulting in 4D flow images, hereafter, referred to as
fNAV 4D flow datasets. We performed a comprehensive
validation study in a numerical simulation based on data
from a programmable pulsatile flow phantom, wherein
displacement due to respiratory motion was simulated ret-
rospectively. We, then, demonstrated the feasibility of this
approach in a diverse cohort of patients with congeni-
tal heart disease (CHD). We tested the hypotheses that,
first, fNAV can estimate and correct for the translational
displacement of the heart because of respiration, and sec-
ond, that fNAV 4D flow datasets produce comparable flow
measurements to those from separately acquired reference
standard 2D flow datasets and with a reduction in bias
when compared to those derived from 4D flow datasets
reconstructed without motion correction. We compared
the vessel area, net volume, and peak flow measurements
from fNAV 4D flow datasets to those from uncorrected 4D
flow reconstructions of the same data, as well as to con-
ventional navigator-gated Cartesian 4D flow MRI and to
reference standard 2D flow MRI.

2 | METHODS

21 | fNAV 4D flow framework
A schematic overview of the proposed pipeline for the
reconstruction of fNAV 4D flow datasets is shown in
Figure 1. Free-running 3D radial PC-MRI data were
acquired (Figure 1A) as previously described,”” wherein
readouts followed a spiral phyllotaxis sampling pattern
with each interleave rotated by the golden angle relative
to the previous one.*?-3* At the beginning of each inter-
leave, one readout oriented along the superior-inferior (SI)
direction was acquired for subsequent extraction of res-
piratory and cardiac self-gating signals (Figure 1B).?%3
The SI readout is only acquired for one velocity encode,
whereas the imaging readouts were repeated four times for
balanced four-point velocity encoding.?”-?8

To reconstruct the acquired data, the fNAV frame-
work, previously developed for ECG-triggered 3D radial
CMRA, was adapted for free-running 3D radial PC-MRI
with the following four steps. First, a unitless respira-
tory curve was extracted from the concatenated SI read-
outs using principal component analysis.?®3* Second, the
respiratory-dependent displacement of the heart in mil-
limeters was modeled along all three spatial dimen-
sions, by multiplying the extracted respiratory curve with
three INAV coefficients describing the maximum ampli-
tude of respiratory motion in three orthogonal directions
(Ax, Ay, Ap).

The goal of fNAV is to find the optimal coefficients
(Ax, Ay, Ap) that best represent the displacement in each
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(A) Free-running 3D radial PC-MRI data acquisition
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(B) Respiratory and cardiac self-gated signal extraction
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FIGURE 1 Summary of the focused navigation (fNAV) 4D flow pipeline. (A) From continuously acquired free-running 3D radial
phase-contrast (PC)-MRI data, (B) respiratory and cardiac motion signals are extracted using self-gating. (C) Using the 1D respiratory
self-gating curve, the displacement of the heart because of respiration along all three spatial dimensions was modeled as the product of the
respiratory curve and three initially unknown fNAV coefficients (A, Ay, A;). The 3D translational motion determined by the product of the

respiratory curve and fNAV coefficients was applied to the acquired k-space. The coefficients were then iteratively adjusted to minimize a

metric based on the entropy of the image. The final optimized fNAV coefficients were used to correct the k-space data, which was

reconstructed using a k-t sparse SENSE algorithm.*’

dataset. Therefore, in a third step, the fNAV coefficients
were iteratively estimated: the product of the respiratory
curve and fNAV coefficients was applied as a phase shift
to the acquired k-space data (Figure 1C), an intermedi-
ate 4D flow dataset with the current translational motion
correction was reconstructed using a non-uniform Fourier
transform, and a time-averaged phase-contrast magnetic
resonance angiogram (PC-MRA) was calculated by mul-
tiplying the sum of squares of the magnitude and phase
images. Next, a metric for blur (entropy of the gradient
image) was calculated over a region of interest (ROI) auto-
matically placed at the approximate center of the heart, by
calculating the center of mass of the PC-MRA?32> and used
to update the coefficients. The phase shifts correspond-
ing to the optimized fNAV coefficients that minimize the
image metric were applied to the acquired k-space.

In addition to correcting respiratory motion, car-
diac self-gating was used as previously described.?”-*%3
Notably, the uninterrupted gradient echo sequence that

the 3D radial PC-MRI sequence is based on has been
shown to interfere with the ECG signal and there-
fore, self-gating has been shown to be more reliable.?®
Finally, a k-t sparse SENSE algorithm?”?® was used to
reconstruct the final fNAV 4D flow images with cor-
rected respiratory motion and resolved cardiac motion
(x-y-z-cardiac-velocity dimensions). After first normaliz-
ing each acquisition by the maximum signal from a grid-
ded image reconstruction, regularization parameters for
reconstructing the fNAV 4D flow datasets were 0.0075 for
total variation applied along the cardiac dimension and
0.015 for total variation applied along the spatial dimen-
sion.?®

2.2 | Optimization of fNAV coefficients

The PC-MRA, as described above, was chosen in place of
the magnitude images used in the original fNAV study as
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it provided separation between the cardiac anatomy and
background allowing for an automated ROI selection as
described above, and improved detection of rigid trans-
lational movement of the heart without being impacted
by non-cardiac anatomy. The size of the ROI was empir-
ically chosen to be one third the acquisition field of view
(FOV), which in general provided adequate coverage of
the heart.

The entropy of the gradient image (H) was chosen as
a blur metric based on previous work and is described by
the following?*:

H= _ZZpryz 10g2 (prZ) ’
x y z

— gi,and

Pxyz
¥ zxyz gxyz

Gor =V IVAIP + V1P + 19,12

where (x, y, z) define a 3D region, (p) is the normalized
voxel intensity from the gradient (g) of the intermedi-
ate image (I), and V is approximated by 1D finite differ-
ences.!7:233637 Optimized fNAV coefficients were found
using a steepest descent algorithm where the gradient of
H as a function of the fNAV coefficients was approximated
numerically.?3

2.3 | Validation using a numerical
simulation

2.3.1 | [Invitro acquisitions

An MRI-compatible pulsatile flow pump (delivering
flow rates of ~250mL/s) connected to a U-shaped
polyvinyl-chloride pipe, representing a simplified aorta
model,*® was scanned on a 1.5 MAGNETOM Aera scanner
(Siemens Healthcare, Erlangen, Germany). The U-pipe
contained a section with variable diameter to mimic
stenosis, and as a result to create non-uniform flow pro-
files. The cardiac frequency simulated was ~60 cycles
per minute (~1 Hz). To simulate a contrast-enhanced
flow scan, gadolinium enhanced water was used as
fluid. A fully sampled conventional navigator-gated Carte-
sian 4D flow sequence was acquired with the follow-
ing scan parameters: TE = 2.3 ms, TR = 5.1 ms,
15° RF excitation angle, FOV = 54x351.5x 370 mm?3,
base resolution = 24 X 152 X 160, isotropic spatial resolu-
tion = (2.3 mm)?, maximum velocity encoded = 150 cm/s,
total scan time of 8.1 min.

2.3.2 | Generating simulated data

To mimic the effects of realistic respiratory motion on our
phantom data, a non-rigid deformation field was mod-
eled with uniform displacement along the x and y direc-
tions, but linearly increasing displacement along the z
direction (Figure 2A). Each deformation field was multi-
plied by a time-varying respiratory curve modeled from
a healthy volunteer acquisition with approximate respi-
ratory peak frequency of ~0.15Hz. We, then, generated
simulated 3D radial k-space readouts after applying the
deformation field to the in vitro images. The 3D radial
k-space readouts were simulated to match the same sam-
pling scheme and undersampling factor from the in vivo
acquisitions (4820 spiral interleaves and 21 radial read-
outs per interleave, see in vivo section). A total of 100
unique variations of the maximum 3D displacement for
each direction (Ay: 0-5mm, A,: 0-10mm, A;: 0-20 mm)
were generated using this pipeline, resulting in 100 cor-
responding simulated “free-breathing” radial 4D flow
acquisitions.?

2.3.3 | Accuracy of respiratory motion
correction

Using the fNAV 4D flow framework described above, a
3D region of interest was manually selected (fNAV region,
Figure 2B), and estimated 3D displacements (fNAV coef-
ficients) were obtained for all 100 simulated 4D flow
datasets. Four 2D ROIs were manually selected. The error
between ground-truth simulated displacement and fNAV
coefficients for each ROI was quantified in terms of mean
and SD, as well as using linear regression and Pearson
correlation measures.

2.3.4 | Influence of respiratory motion
To study the influence of respiratory motion on both
image quality and flow quantification, a subset (n = 20)
of the simulated acquisitions were chosen such that they
spanned the range of the previously generated maximum
translational displacements and used for 4D flow image
reconstruction, both with correction from the estimated
fNAV coefficients (fNAV 4D flow) and without motion
correction (uncorrected 4D flow). Additionally, the simu-
lated 4D flow data that did not include any displacement
because of respiratory motion, was reconstructed and used
as the ground-truth reference.?!

For each of the four ROIs described above, the vessel
area was used as a surrogate measure of blur because of
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FIGURE 2 Phantom validation of focused navigation (fNAV) for rigid respiratory motion correction. Using the fNAV framework, 3D

fNAV coefficients were estimated for each translational displacement of 100 simulated datasets. Vector length describes the 3D direction and

amplitude of the voxel-wise motion field. Displacement along the z-direction was simulated to be larger at the top of the phantom and

smaller at the bottom. (A) The 3D figure shows the motion fields oriented from top to bottom (B) For four regions of interest (ROI), (C) the
correlation between the generated coefficients (Ay, Ay, A;) and the estimated coefficients (Aynav, Aytnav, Azinav) Was strong for the three
directions of displacement (#2 > 0.9). ROI 3 was the region with the best 1-1 correlation between A, and A,ay, With differences between A,

and A,y increasing with the distance from ROI 3. Yellow arrows point to the ROIs used for this analysis. The red square marks the region

chosen for the fNAV correction. The blue lines describe regression lines, and black lines show the identity line. m, slope; b, intercept; p,

Pearson correlation coefficient.
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respiratory motion and was calculated as the sum of all
voxels included in the ROI, multiplied by the area of each
voxel. The vessel area was calculated for the ground-truth
dataset, as well as for all uncorrected and fNAV 4D flow
datasets. The mean and SD of the vessel area for each
ROI was calculated across the entire range of displace-
ments reconstructed (n = 20), for uncorrected and fNAV
4D flow datasets separately. The difference of vessel area
from the ground-truth was also compared between the
two groups.

For each reconstructed dataset and for each ROI,
net volume and peak flow measurements were com-
pared with the ground-truth reference. Mean and SD
measures were calculated for each flow measurement
and for each ROI. The differences from the ground-truth
were calculated for uncorrected and fNAV 4D flow
datasets.

2.4 | Feasibility in a cohort of CHD
patients
2.4.1 | Invivo acquisitions

A cohort of 25 CHD patients (age, 7-60 years, 12 female)
was included in this study (see Table S1 for demograph-
ics). Each study participant or their legal guardian pro-
vided written informed consent compliant with insti-
tutional guidelines. All images were acquired on a
1.5 T Magnetom Sola (Siemens Healthcare, Erlangen,
Germany).

Patients underwent a  gadolinium-enhanced
(Gadobutrol, Bayer, Switzerland, 0.4mmol/kg) MRI
protocol for CHD, that included three standard 2D
flow acquisitions placed on the ascending aorta (AAo),
descending aorta (DAo), and main pulmonary artery
(MPA). Sequence parameters for the 2D flow acquisitions
were as follows: TE = 3.0-3.6 ms, TR = 5.25-6.14 ms,
20° RF excitation angle, FOV = (136-234) x (288-340)
mm?2, base resolution = (132-136) x (192-288), spatial
resolution = (1.0-1.8) x (1.0-1.8) x (4.0-6.0) mm?, veloc-
ity encoding = 150-200cm/s. Additionally, a standard
Cartesian 4D flow acquisition with respiratory navigation
(nav-gated 4D flow) was included to obtain a reference
4D flow dataset. Sequence parameters were the following:
TE = 2.2-2.3 ms, TR = 4.6-5.1 ms, 7-12° RF excitation
angle, FOV = (125-258) x (188-308) x (200-400) mm?3,
base resolution = (50-103) x (75-123) X (96-160) isotropic
spatial resolution = (2.1 mm)3-(2.5mm)3?, maximum
velocity encoding = 150-200cm/s, total scan time of
1.8-11.5 min.

At the end of each clinical exam, a free-running
3D radial PC-MRI sequence (Figure 1A) was

acquired. Sequence parameters were as follows:
TE = 2.9-3.1 ms, TR = 4.7-4.9 ms, 7° RF excitation angle,
FOV = (220 mm)*-(240 mm)?, base resolution = (96)°
isotropic spatial resolution = (2.3mm)* - (2.5mm)3,
maximum velocity encoding = 150-200cm/s, total
scan time of 7.93-8.23min, 4820 spiral interleaves
and 21 radial readouts per interleave (1 SI+[5 read-
outs X 4-point velocity encoding]). Differences in scan
time were because of changes in velocity encoding
and FOV.

2.4.2 | Four dimensional flow image
reconstruction

Free-running 3D radial PC-MRI acquisitions from all
patients were reconstructed into fNAV 4D flow datasets,
as described in Figure 1, and into 4D flow datasets
without any type of respiratory compensation (uncor-
rected 4D flow). For fNAV 4D flow, the respiratory
motion amplitudes estimated from fNAV were recorded
and used for motion correction. Next, to reconstruct
fNAV and uncorrected 4D flow datasets, data were
binned into 17 to 30 cardiac phases (temporal resolu-
tion = 23.8-42.2 ms) and reconstructed using the k-t
sparse SENSE algorithm described previously.?”-? Spa-
tial resolution of the reconstructed datasets matched
the acquired spatial resolution, (2.3 mm)3-(2.5mm)3. All
reconstructions of fNAV and uncorrected 4D flow datasets
were performed in MATLAB (The MathWorks, Natick,
MA) and took on average 2.8 + 0.3h to reconstruct
including 2.5 min for fNAV. The nav-gated 4D flow
datasets were reconstructed at the scanner during the
examination using the vendor-provided reconstruction
pipeline for these datasets. Streamlines derived from fNAV,
nav-gated and uncorrected 4D flow datasets were visually
compared.

2.4.3 | Comparison of vessel area and flow
measurements

The 2D flow and three 4D flow datasets (i.e., fNAV 4D
flow, nav-gated 4D flow, and uncorrected 4D flow) were
segmented and flow measurements were analyzed using
cvi42, Circle (Calgary, AB, Canada). The flow analysis
was performed by one observer that was not blinded
to the type of data being analyzed. To assess and com-
pare the accuracy of flow measurements from fNAV 4D
flow relative to 2D flow and to the remaining 4D flow
datasets, vessel planes were manually placed to match
the same location of the 2D flow acquisitions cover-
ing the AAo, DAo, and MPA. Similarly to in vitro, the
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vessel area was used as a surrogate metric for blur because
of respiratory motion and was compared between the
2D flow datasets and fNAV, nav-gated, and uncorrected
4D flow datasets. Net volume and peak flow measure-
ments were calculated for every 4D/2D flow dataset. Four
dimensional flow measurements (fNAV, nav-gated, and
uncorrected) were compared to their analogous 2D flow
measurement.

2.5 | Statistical analysis

Each group of measurements was tested for normality
using a Lilliefors test. In case of rejection of the null
hypothesis at the 5% significance level, measures were
compared using a nonparametric Wilcoxon signed rank
test. Otherwise, a paired ¢ test was used to compare the
similarity between datasets. For the patient cohort, differ-
ences in net volume and peak flow measurements between
2D flow and 4D flow datasets (fNAV, nav-gated, and
uncorrected) were estimated using Bland-Altman analy-
sis. Additionally, the correlation between 2D flow mea-
surements and measurements from all 4D flow datasets
was calculated using linear regression and Pearson correla-
tion measures, and the significance level of the correlation
was given as a p-value, from testing the hypothesis of no
correlation.

3 | RESULTS

3.1 | Validation in a pulsatile flow
phantom

3.1.1 | Accuracy of respiratory motion
correction

The fNAV 4D flow framework was able to estimate dis-
placement because of respiratory motion in all 100 sim-
ulated 4D flow acquisitions. The error (mean and SD)
in x and y directions was consistent across all four
ROIs (Ax_AfoAV = 0.04 £0.32mm, Ay_AnyAV = —-0.31
+0.35mm) because of the uniform displacement gen-
erated in those directions. However, the error in the z
direction was greater in ROIs where the true non-rigid
displacement diverges from the rigid translational correc-
tion provided by fNAYV, yielding excellent agreement for
ROI 2 (Az-Aznav = 0.02 + 0.51 mm), followed by increas-
ing average error for ROI 3 (A;-Azmnav = 1.71 £ 1.16 mm),
ROI 1 (Az-Aznav = 3.78 £2.26 mm) and finally ROI 4
(A—Azmnav = 5.85 + 3.41 mm).

The linear regression measurements calculated
between the generated displacements and those estimated
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by fNAV for the four ROIs corroborates this trend when
considering the slope (m), intercept (b), and Pearson
correlation coefficient (p) respectively along each spatial
dimension (Figure 2C).

3.1.2 | Influence of respiratory motion
on vessel area

In general, the vessel area for each measured ROI in sim-
ulated radial 4D flow data is overestimated (Figure 3B)
by uncorrected reconstructions because of motion blur,
when compared to the ground-truth reference (Table 1).
Conversely, fNAV 4D flow vessel area yielded a better
agreement with the ground-truth reference area. This
is further demonstrated by the differences in vessel
area between uncorrected 4D flow and the ground-truth
dataset, which were significantly higher than those mea-
sured between the fNAV 4D flow and the ground-truth
datasets in all four ROIs (ROI 1: 0.11 +0.17 cm? vs. 0.04
+0.14cm?, ROI 2: 0.61 +0.43cm? vs. 0.18 +0.10 cm?,
ROI 3: 0.15 +0.26 cm? vs. 0.00 +0.09 cm?, ROI 4: 0.42
+0.22cm? vs. 0.18 +0.07 cm?, p < 0.05). The average ves-
sel area difference between uncorrected and ground-truth
4D flow datasets (0.32 +0.11 cm?) was significantly dif-
ferent from the average vessel area difference between
fNAV and ground-truth 4D flow datasets (0.10 + 0.03 cm?,
p <0.05).

3.1.3 | Influence of respiratory motion
on flow quantification

Overall, simulated datasets with uncorrected respira-
tory motion resulted in flow measurements that were
significantly different from the ground-truth values,
whereas fNAV 4D flow datasets showed better agree-
ment with the ground-truth. Still, the quantitative com-
parison of net volume and peak flow measurements
showed different effects of motion across the 4 ROIs
(Figure 4, Table 1).

Net volume average differences from the ground-truth
were, for uncorrected and fNAV 4D flow datasets, respec-
tively, 11.1 + 3.5 mLvs. 2.6 + 0.7 mL. Specifically, for ROI 2
and ROI 3, placed within the fNAV region, the net volume
differences from the ground-truth were 22.4 + 15.4 mL and
2.5 +8.3 mL for uncorrected 4D flow and 6.6 + 3.7 mL
and —1.6 + 2.6 mL for fNAV 4D flow. ROI 1, located at
the edge of the fNAV region, reported a net volume differ-
ence of 5.1 + 8.4 mL for uncorrected 4D flow and 0.4 +
3.8 mL for fNAV 4D flow. Net volume differences from
ROI 4 were reduced from 14.3 + 8.4 mL for uncorrected
4D flow to 5.0 + 2.4 mL when correcting with fNAV. For
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FIGURE 3

Influence of motion on the vessel area for four regions of interest (ROI). (A) Coronal view of the pulsatile flow phantom

with the maximum intensity projection (MIP) of the velocity at peak systole shown and the four ROIs marked. (B) After focused navigation
(INAV) correction (blue), the area of each ROI became closer in agreement to the ground-truth ROI area (green), when compared to the
uncorrected cases (red). (C) Cross-sectional visualization of the velocity in each ROI at peak systole for one example, showing ground-truth
(green), uncorrected 4D flow (red) and {NAV 4D flow (blue) datasets. The area of each cross section is shown at the top left corner of each
image. A visible vessel degradation is shown in uncorrected cases. In this example, the largest simulated motion displacement is shown for

each ROL. p, p-value.

peak flow, the same trend was reported (ROI 1: 11.0 +
18.2 mL/s vs. —0.6 + 6.9 mL/s; ROI 2: 43.9 +29.5 mL/s vs.
13.4+7.2mL/s; ROI3:6.6 +19.8 mL/svs. —3.7 + 5.1 mL/s;
ROI 4: 27.6 +15.7 mL/s vs. 11.2 + 6.2 mL/s, uncorrected
vs. INAV 4D flow, respectively). The average difference in
peak flow measurements was 22.3 + 6.0 mL/s for uncor-
rected 4D flow and 5.1 + 0.9 mL/s for fNAV 4D flow.
Overall the average difference in net volume and peak flow
measurements was significant between the two compar-
isons (p <0.05). For individual ROIs, all flow measure-
ments were significantly different between uncorrected

and fNAV 4D flow datasets (p <0.05), except in ROI 3
(p = 0.13 for net volume and p = 0.07 for peak flow).

3.2 | Feasibility in a cohort of CHD
patients
3.2.1 | 4D flow image reconstruction

Respiratory motion amplitudes estimated using fNAV
were obtained for all patient datasets with a mean
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TABLE 1 Mean and SD measurements for vessel area, net volume, and peak flow obtained for each of the four ROIs selected in the
phantom.
Measurement 4D flow reconstruction ROI1 ROI 2 ROI 3 ROI 4
Vessel area (cm?) Ground-truth 3.39 3.76 3.76 3.60
Uncorrected 3.50 +£0.17 4.37+0.43 391 +0.26 4.02+0.22
fNAV 343 +0.14 3.93+0.10 3.76 + 0.09 3.77 £ 0.07
Net volume (mL) Ground-truth 123.0 148.4 135.5 142.7
Uncorrected 128.1 + 8.4 1709 +15.4 137.9 +£ 8.3 157.1 + 8.4
fNAV 123.4 + 3.8 155.1 +3.7 133.8 +2.6 147.7 +2.4
Peak flow (mL/s) Ground-truth 253.7 273.1 271.3 268.6
Uncorrected 264.7 +18.2 317.0 £ 29.5 2779 +19.8 296.3 +15.7
fNAV 253.1+6.9 286.4 + 7.2 267.6 +5.1 279.9 + 6.2

Note: The reference 4D flow reconstruction (without motion) is used as ground-truth for comparison with 4D flow reconstructions of different respiratory
motion displacements without (uncorrected 4D flow) and with (fNAV 4D flow) motion correction.

Abbreviations: ROI, region of interest; fNAV, focused navigation.
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FIGURE 4 Influence of respiratory motion on flow quantification in a pulsatile flow phantom. Net volume (A) and peak flow rate (B)

measurements calculated from focused navigation (fNAV) 4D flow and uncorrected 4D flow reconstructions of the simulated datasets

(n = 20) across the same four ROIs shown in Figures 2 and 3. The ground-truth value for each ROI is marked in green and statistically

significant differences between fNAV and uncorrected 4D flow measurements are denoted by orange stars.

and SD of: Ay = 2.5 +2.0mm, A, = 2.5 +2.2mm,
Az;=7.2+3.6mm, and ranging between A, = 0.4-7.8 mm,
A, =0-8.9mm, A, =0.1-16.4 mm. These values are within
the range of values tested in vitro.

Streamline visualizations of all 4D flow datasets (fNAV,
nav-gated, and uncorrected) are shown for two represen-
tative patients in Figure 5. Overall image quality is com-
parable between the three 4D flow datasets, including in
regions of larger turbulence (yellow arrows). Red arrows
highlight locations with small differences in the velocity
streamlines between reconstructions, where the uncor-
rected 4D flow streamlines are visually the most different

when compared to fNAV 4D flow and nav-gated 4D flow
streamlines.

3.2.2 | Comparison of vessel area and flow
measurements

Six MPA segmentations were excluded from the study, two
because of poor visualization of the vessel from 2D flow
datasets and four because of poor visualization overall, on
all flow datasets. One nav-gated 4D flow dataset was cor-
rupted and therefore, was also excluded from the analysis.
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fNAV 4D flow

Nav-gated 4D flow

Uncorr. 4D flow

120 cm/s

17y, F,
aortic valve stenosis

21y, M,
d-transposition of the great
arteries, post atrial switch

FIGURE 5

Visualization of flow streamlines in two patients with congenital heart disease using focused navigation (fNAV), nav-gated
and uncorrected 4D flow datasets. Yellow arrows point to regions of large turbulence for each case, where image quality appears to be similar
for both reconstructions. Red arrows point to regions with different flow streamlines, where the uncorrected 4D flow reconstructed dataset has

larger differences to the nav-gated 4D flow dataset when compared to {NAV 4D flow. Uncorr. 4D flow, uncorrected 4D flow; F, female; M, male.

From the remaining data, a total of 264 vessels segmented
from all the 2D/4D flow datasets were included in the
comparison.

In the absence of a ground-truth measurement of ves-
sel area, comparison between fNAV, nav-gated, and uncor-
rected 4D flow datasets to the reference 2D flow datasets
(Figure 6) demonstrated variable agreement depending
on the vessel of interest. The average vessel area mea-
surements across all vessels were 4.92 +2.95cm? for 2D
flow, 5.06 + 2.64 cm? for fNAV 4D flow, 4.87 + 2.57 cm? for
nav-gated 4D flow, and 4.87 +2.69 cm? for uncorrected
4D flow. No significant difference in AAo vessel area was
found between fNAV 4D flow datasets (7.24 +2.63 cm?)
and 2D flow datasets (7.39 + 2.64 cm?, p = 0.38), but a sig-
nificant underestimation as compared to 2D flow vessel
area measurements was observed for nav-gated 4D flow
(7.10 £2.50cm?, p <0.05) and uncorrected 4D flow (6.91
+2.64cm?, p<0.05). Conversely, DAo vessel area mea-
surements from fNAV 4D flow (2.88 + 0.85 cm?), nav-gated
4D flow (2.60 +0.77 cm?) and uncorrected 4D flow (2.57
+0.84 cm?) datasets were significantly (p <0.05) overes-
timated relative to those from 2D flow datasets (2.22
+0.67 cm?). No significant differences were found in the

In vivo vessel area comparison

* *
* *
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FIGURE 6 Comparison of vessel area from in vivo datasets.

2D flow (green), and focused navigation 4D flow (dark-blue),
nav-gated 4D flow (light-blue) and uncorrected 4D flow (red)
measurements are included for all patients. AAo, ascending aorta;
DAo, descending aorta; MPA, main pulmonary artery; Uncorr. 4D
flow, uncorrected 4D flow; p, p-value.
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FIGURE 7 Linear regression of net volume (A-C) and peak flow (D-F) measurements between each 4D flow dataset and the reference

standard 2D flow datasets. Overall, focused navigation (fNAV) 4D flow net volume and peak flow measurements (A and D) were the
strongest correlated measures to 2D flow, when compared to nav-gated 4D flow (B and E) and uncorrected 4D flow (C and F) datasets. NV,
net volume; PF, peak flow rate. r2, squared Pearson correlation coefficient. 2Df, 2D flow; fNAV, fNAV 4D flow; Nav-gated, nav-gated 4D flow;

Uncorr, uncorrected 4D flow.

MPA vessel area for fNAV (5.07 + 1.72cm?, p = 0.29),
nav-gated (4.91 + 1.31 cm?, p = 0.17) and uncorrected (5.24
+1.97 cm?, p = 0.74) 4D flow datasets when compared to
2D flow (5.25 +2.04 cm?).

Linear regression results between 2D flow and fNAV
4D flow net volume measurements (2 = 0.92) (Figure 7A)
were overall the strongest correlation results when com-
paring 2D flow with other 4D flow datasets (r> = 0.83 for
comparison to nav-gated 4D flow) (Figure 7B) (r? = 0.69
for comparison to uncorrected 4D flow) (Figure 7C). Sim-
ilarly, 2D flow peak flow measurements had a larger
correlation with fNAV 4D flow peak flow measurements
(Figure 7D-F) (r? = 0.94, r*> = 0.86, > = 0.86, respectively).

Compared to 2D flow, fNAV 4D flow datasets showed
the lowest bias in net volume and peak flow across all 4D
flow datasets (—3.5 +19.8% for net volume, —2.9 +17.2%
for peak flow) (Figure 8), although all 4D flow net volume
and peak flow measurements were significantly differ-
ent from 2D flow measurements, with p <0.05, with the

exception of the net volume comparison between 2D flow
and uncorrected 4D flow (—4.9 +43.0%, p = 0.06).

4 | DISCUSSION

In this study, we extended the use of a previously
described fNAV method for respiratory motion correc-
tion of free-running 3D radial PC-MRI acquisitions to
obtain fNAV 4D flow datasets. The proposed fNAV 4D flow
approach does not require image navigators or ECG-gating
and can be acquired with simplified scan planning and a
fixed scan time. Using fNAYV, translational motion of the
heart is estimated and used to correct all acquired read-
outs in radial 4D flow MRI. We validated the fNAV 4D flow
framework in simulated data generated from non-rigid res-
piratory motion fields applied to a pulsatile flow phantom
and demonstrated its feasibility in a cohort of patients with
CHD. We successfully confirmed our hypotheses that: (1)
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FIGURE 8

Bland-Altman results of net volume (A-C) and peak flow (D-F) measurements between each 4D flow dataset and the

reference standard 2D flow datasets. Comparing to 2D flow datasets, focused navigation (fNAV) 4D flow net volume and peak flow

measurements (A and D) had smaller biases compared to measures from nav-gated 4D flow (B and E) and uncorrected 4D flow (C and F)
datasets. NV, net volume; PF, peak flow rate. LOA, limits of agreement. 2Df, 2D flow, {NAV, fNAV 4D flow; Nav-gated, nav-gated 4D flow;

Uncorr, uncorrected 4D flow.

fNAV can estimate respiratory motion from free-running
3D radial PC-MRI acquisitions, and that (2) the resulting
fNAV 4D flow datasets produce comparable flow measure-
ments to separately acquired reference measurements,
and with a reduction in bias when compared to uncor-
rected 4D flow datasets. Although a regional variation in
the accuracy of respiratory motion and resulting vessel
area and flow measurements was observed because of the
translational correction applied to a non-rigid underly-
ing motion, overall fNAV 4D flow produced comparable
results to the reference standard flow datasets and signifi-
cantly improved uncorrected data.

4.1 | Validation in a pulsatile flow
phantom

In the first part of our study, we validated the use of
fNAV for correction of respiratory motion in a numeri-
cal simulation based on data obtained from a pulsatile

flow phantom. The data acquisition was performed with-
out any physical displacement of the phantom during
the scan. Instead, a retrospective approach was cho-
sen to enable a well-controlled simulation of a large
number of non-rigid displacements, which not only
enabled the direct comparison of estimated fNAV coef-
ficients with generated values, but it also enabled the
direct comparison of all datasets induced with motion
to the non-motion corrupted counterpart (ground-truth),
removing any acquisition-related bias. This compari-
son demonstrated that respiratory motion impacts both
the measured area of the vessel-like structure of the
phantom and subsequent flow. These results corrobo-
rate previous studies, which also demonstrated a decrease
in the accuracy of flow measurements and overall
image quality when no respiratory compensation is
considered.?"?

When using fNAV in vitro, the resulting vessel area
and flow measurements demonstrated that fNAV can
accurately measure and correct for rigid translational
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respiratory motion providing an overall improvement in
accuracy relative to uncorrected data but with variation
depending on the degree of underlying non-rigid motion.
For instance, for ROI 2 and ROI 3, the estimated fNAV
displacement measures matched with high correlation
the generated displacements, enabling motion corrected
4D flow reconstructions that yielded area and flow mea-
surements in strong agreement with the ground-truth,
therefore, confirming our first hypothesis. Moreover, the
estimated fNAV coefficients corrected the generated dis-
placements simulated in ROI 1 and ROI 4 with lower
accuracy, and, as a result, there were larger differences
in the area of these ROIs when comparing fNAV 4D flow
datasets to the ground-truth. These results are a conse-
quence of using a rigid motion correction in a non-rigid
structure. Nevertheless, the net volume and peak flow
measures were still improved by applying motion correc-
tion, implying that motion correction, even if not per-
fect, is still beneficial when compared to the uncorrected
counterpart. Nevertheless, at higher spatial resolution,
these discrepancies may have greater impact on flow
quantification.

The numerical simulation provided valuable insight on
how the rigid fNAV correction of free-running 3D radial
PC-MRI acquisitions would adapt to an in vivo setting,
where motion is non-rigid. Still, increasing the complex-
ity of the current phantom setup by including physical
motion during the scan (for example with a moving cart)
could help us further understand the limits of this tech-
nique for correcting respiratory motion in free-running
3D radial PC-MRI acquisitions. Additionally, a more rig-
orous validation in healthy volunteers that can be given
instructions (i.e., periods of shallow or deep breathing)
throughout the acquisition may be worth investigating in
the future.

4.2 | Feasibility in a cohort of CHD
patients

To demonstrate the feasibility and evaluate the perfor-
mance of the proposed fNAV 4D flow approach in vivo, we
compared fNAV 4D flow datasets from a cohort of CHD
patients to 2D flow datasets, nav-gated 4D flow datasets,
and to uncorrected 4D flow reconstructions of the same
data, in terms of vessel area and the resulting flow mea-
surements.

The overall image quality obtained from fNAV 4D flow
reconstructions in terms of the PC-MRA volumes and the
velocity streamlines visualized at peak systole was com-
parable between the fNAV, nav-gated and uncorrected 4D
flow datasets. Nevertheless, small differences in the veloc-
ity streamlines were observed (see Figure 5, red arrows).
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These discrepancies may have been caused by the anatom-
ical segmentation, or because of SNR differences between
acquisitions and reconstructions. However, given the lack
of a ground-truth for comparison, understanding these
subtle changes can be challenging.

In the absence of a ground-truth measurement, in
vivo vessel areas from fNAV, nav-gated, and uncorrected
4D flow datasets were compared to 2D flow and yielded
some discrepancies depending on the vessel of interest.
These in vivo results are consistent with those from the
numerical simulation where the agreement with respect to
ground-truth varied according to the position of the ROI,
suggesting that our in vivo results are also affected by the
translational correction used in the presence of non-rigid
motion. Nonetheless, the fNAV 4D flow vessel area showed
better overall agreement with 2D flow than to nav-gated
and uncorrected 4D flow datasets, again highlighting the
fact that fNAV provides an accurate correction of rigid res-
piratory motion, but may be limited in areas more greatly
impacted by the underlying non-rigid motion.

When comparing fNAV, nav-gated, and uncorrected 4D
flow measurements of net volume and peak flow to the ref-
erence 2D flow, fNAV 4D flow had a lower bias and slightly
improved limits of agreement. These results may suggest
that the respiratory motion correction provided by INAV is
more representative of the breath-hold performed for the
2D flow acquisitions, when also compared to nav-gated 4D
flow, as this technique usually includes a large acceptance
window for respiratory motion.

In this proof-of-concept study, 3D translational
respiratory-derived displacement of the heart was esti-
mated with fNAV and used to correct the acquired k-space
data. Although the corrected data yielded similar vessel
segmentations and flow measurements to the reference
2D flow and nav-gated 4D flow acquisitions, the main lim-
itation of the current approach is that it does not account
for rotational motion or the more general non-rigid
behavior of respiratory motion. In principle, additional
fNAV coefficients could be included to account for rota-
tional motion, and the same fNAV approach used in this
work can be modified to perform non-rigid correction
using the localized auto-focusing method as previously
described.?>?>%° This approach is potentially prohibitive
because of increases in computational time as separate
reconstructions are required for different motion states,
but this may be overcome by reconstructing the different
motion states using parallel processing. Given the accu-
rate performance of fNAV demonstrated in this work for
specific regions, further investigation into the localized
auto-focusing approach is warranted.

The current fNAV 4D flow approach could also be used
to improve the quality of previously described respiratory
motion-resolved 5D flow reconstructions®’ by correcting
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translational intra-bin motion or could be combined with
a more generalized strategy for inter-bin motion compen-
sation using motion fields.’*4*-** Additionally, alternative
strategies have been proposed to compensate rather than
correct for respiratory motion in 4D flow MRI such as
adaptive navigator gating!®?'+% and soft-gating,!83946
but may have limitations in the presence of significant res-
piratory motion or variability. As new advances in both
acquisition and reconstruction methods enable higher
spatial resolution, it is likely that a combination of these
aforementioned methods including fNAV is needed to
truly compensate for the complex non-rigid motion of the
heart because of respiration and provide accurate estima-
tions of blood flow. Regardless, of the potential improve-
ments to and future applications of fNAV, validation of the
method showing that it can accurately estimate respiratory
motion and correct for it to produce high quality visualiza-
tions and quantifications of flow has been achieved in this
work.

5 | CONCLUSION

Respiratory motion correction for free-running 3D radial
PC-MRI acquisitions has successfully been achieved using
fNAV, both in a pulsatile flow phantom and in a cohort
of patients with congenital heart disease. The resulting
fNAV 4D flow datasets yielded accurate estimates of trans-
lational displacements of the heart because of respiration,
resulting in similar vessel segmentations and flow mea-
surements as those from both reference standard 2D flow
and navigator-gated Cartesian 4D flow datasets. Using this
approach, a quantitative evaluation of blood flow in the
heart and its great vessels can be obtained in a fixed scan
time, without the uncertainty in scan duration related to
navigator efficiency, and without the need for respiratory
navigators or ECG-gating.
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3.4. Conclusions and Outlook of this work

In this study, fNAV was shown to successfully estimate respiratory motion from free-
running PC-MRI data, which led to 4D flow reconstructions that produced comparable flow
measurements to reference standard measurements without the need for diaphragmatic
navigators and in a predictable scan time.

The free-running PC-MRI framework used in this work is the same one used in Chapter 2.
However, in this work, we correct respiratory motion (4D flow) rather than resolve it (5D flow).
As a result, the number of readouts per imaging volume is increased, which in turn increases
the baseline image quality. This increase in data sampling provided by a 4D flow reconstruction
with fNAV could enable new tests to further accelerate the free-running PC-MRI sequence,
which would, in turn, reduce scan times.

A preliminary study investigating the effects of acceleration on both 4D flow fNAV and 5D
flow reconstructions of the same free-running PC-MRI data was presented and was awarded a
Magna Cum Laude Merit Award at the 30th ISMRM International Meeting in 2021. The study
(included as supplementary information A3.3) demonstrated that, using 4D flow fNAV, the
imaging sequence could be further accelerated by a factor of 1.67 without sacrificing the
accuracy of flow measurements whereas 5D flow measurements had a decrease in accuracy
beyond the baseline acceleration factor.

In contrast to the potential acceleration strategy described above, the gain in overall samples
per volume provided by correcting respiratory motion could enable higher resolution
acquisitions of free-running PC-MRI, which could be especially interesting to diagnose and
monitor pediatric cohorts. Additionally, increased spatial resolution may allow for the
assessment of anatomical structure, ventricular function, and flow all within a single free-
running PC-MRI sequence providing an efficient and comprehensive CMR acquisition.
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Chapter 4.

Free-running 3D anatomical and flow
MRI using Synchronization of
Neighboring Acquisitions by
Physiological Signals (SyNAPS)

4.1. Overview

In Chapter 2, Pilot Tone navigation was successfully used to extract cardiac and respiratory
motion signals from free-running PC-MRI datasets, and afterwards from other free-running-
derived sequences such as multi-echo GRE and T2 mapping. More importantly, Chapter 2
demonstrated that Pilot Tone provides physiological signals that are independent of sequence
contrast and parameters and, therefore, Pilot Tone could potentially be used to synchronize two
or more sequences together and enable a multi-dimensional/multi-contrast comprehensive
CMR framework.

The work presented in this chapter focused on implementing a novel technique for
combining image information from multiple acquisitions without restrictions on native contrast
or sequence timing parameters, called Synchronization of Neighboring Acquisitions by
Physiological Signals (SyNAPS). SyNAPS uses Pilot Tone to extract cardiac and respiratory
motion signals that are used to inform a synchronized cardiac motion-resolved and respiratory
motion-corrected 4D flow reconstruction. We validated SyNAPS using one free-running
anatomical sequence and one free-running PC-MRI sequence and tested the hypothesis that
synchronizing these two sequences enables a dynamic segmentation of vessels and improved
flow assessment.

4.2. Personal contribution

In this study, I was once again the primary investigator, albeit with increased independence
from supervision when compared to the previous two peer-reviewed studies. With support from
Dr. Christopher W. Roy, PhD, I designed the study, acquired the data, and performed the
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analysis. The remaining co-authors have contributed mainly by helping with the acquisition of
volunteer and patient data.

4.3. Article under Internal Review

The study described in this section has been presented at the 32nd ISMRM International
meeting in 2022 with the title “Free-running 3D anatomical and flow MRI using
Synchronization of Neighboring Acquisitions by Physiological Signals (SyNAPS)”
(Supplementary Information A3.4), where it received a Summa Cum Laude Award (top 5%).
The study is currently under internal review to be submitted to a peer-reviewed scientific
journal, with the title “Free-running 4D anatomical and flow MRI using Synchronization of
Neighboring Acquisitions by Physiological Signals (SyNAPS)”.

64



Free-running 3D anatomical and flow MRI
using Synchronization of Neighboring
Acquisitions by Physiological Signals

(SyNAPS)

Mariana B.L. Falcdo!, Adéle L.C. Mackowiak',>°, Simone Rumac!,
Mario Bacher', Giulia M. C. Rossi!, Jessica Bastiaansen>°, Ruud
Van Heeswijk!, Peter Speier?, Michael Markl*>, Matthias Stuber'S,

Christopher W. Roy!

"Department of Diagnostic and Interventional Radiology, Lausanne University Hospital
(CHUYV) and University of Lausanne (UNIL), Lausanne, Switzerland.

2 Siemens Healthcare GmbH, Erlangen, Germany.

3SWoman- Mother- Child Department, Lausanne University Hospital and University of
Lausanne, Lausanne, Switzerland.

4Service of Cardiology, Centre de Resonance Magnétique Cardiaque (CRMC), Lausanne
University Hospital and University of Lausanne, Lausanne, Switzerland.

SDepartment of Diagnostic, Interventional and Pediatric Radiology (DIPR), University
hospital Bern (Inselspital), Bern Switzerland.

6 Translational Imaging Center, sitem-insel, Bern, Switzerland.

"Department of Radiology, Feinberg School of Medicine, Northwestern University,
Chicago, Illinois, USA.

8 Department of Biomedical Engineering, Northwestern University, Chicago, Illinois, USA.

? Center for Biomedical Imaging (CIBM), Lausanne, Switzerland

Corresponding Author:
Christopher W. Roy, PhD, Lausanne University Hospital (CHUV), Rue de Bugnon 46, BH-
7-84, 1011 Lausanne, Switzerland. Email: christopher.roy@chuv.ch

Funding Source:

MS is the PI on Swiss National Science Foundation Grants 173129 and 201292 that funded
part of this research.

CWR is the PI on Swiss National Science Foundation Grant PZ0O0P3 202140 that funded
part of this research

MM is the PI on Grant T32EB025766 from the National Institute Of Biomedical Imaging
And Bioengineering of the National Institutes of Health, that funded part of this research.

65



Abstract

Background: In this work, we introduce a novel technique for combining multiple whole-
heart acquisitions without restrictions on native contrast or sequence timing parameters. The
proposed technique, Synchronization of Neighboring Acquisitions by Physiological Signals
(SyNAPS), uses Pilot Tone (PT) Navigation to extract cardiac and respiratory motion signals,
which are then leveraged to provide a synchronized cardiac motion-resolved and respiratory
motion-corrected reconstruction of back-to-back acquisitions. We validate SyNAPS using a
free-running 3D radial fast interrupted steady-state sequence (FISS) for anatomy and free-
running 3D radial PC-MRI sequence for flow and test the hypothesis that synchronizing these
two sequences enables a dynamic segmentation of vessels and improved blood flow
measurements.

Methods: Eight healthy volunteers were scanned without contrast agents using free-running
anatomical and flow sequences acquired back-to-back. Two conventional breath-held 2D flow
sequences in the ascending and descending aorta were also acquired for reference. Using
SyNAPS, PT cardiac and respiratory signals spanning the two free-running sequences were
extracted for subsequent respiratory motion correction and cardiac binning. After SyNAPS and
image reconstruction, the magnitude images from free-running FISS and the phase images from
free-running PC-MRI were combined to create SYNAPS 4D flow datasets. Net volume, peak
flow and dynamic vessel area were used to compare SYNAPS 4D flow with 4D flow (without
the anatomical information from FISS) and 2D flow.

Results: The blood-to-myocardium contrast ratio of SYNAPS 4D flow magnitude images
(1.5+£0.4) demonstrated a clear improvement over 4D Flow (0.7+0.1, p<0.01), and is
comparable to the 2D Flow images (2.0+0.9, p=0.55), which benefit from in-flow enhancement.
The Pearson correlation coefficient between the dynamic vessel area of SyNAPS 4D flow and
2D flow was 0.72+0.27 for the AAo and 0.82+0.09 for the DAo, whereas the correlation
between 4D flow and 2D flow was lower, 0.09+0.37 for the AAo and 0.12+0.44 for the DAo.
Net volume (0.94) and peak flow (0.95) linear correlation measurements between SyNAPS 4D
flow and 2D flow was stronger than the net volume (0.9) and peak flow (0.88) correlation
between 4D flow and 2D flow. Bland-Altman analysis showed a lower bias and limits of
agreement between SyNAPS 4D flow and 2D Flow, relative to 4D Flow.

Discussion and Conclusion: We developed and demonstrated the initial feasibility and
utility of SyNAPS for joint whole-heart anatomical and flow MRI that does not require ECG
gating, respiratory navigators, or contrast agents. We show that the high-contrast anatomical
imaging sequence can be leveraged to improve 4D flow measurements that often suffer from
poor delineation of the vessel boundaries in the absence of contrast agents. These promising
results motivate further evaluation in a larger clinical cohort with the overarching goal of
creating a fully comprehensive cardiac MRI framework tools without the need for contrast
agents in the diagnosis and management of heart disease.

Background

4D flow MRI is increasingly used in the diagnosis and management of cardiovascular
disease [1]. It provides a quantitative evaluation of blood flow in the heart and vessels with 3D
volumetric coverage. When compared to conventional 2D flow MRI, simultaneous and
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retrospective interrogation of multiple vessels with 4D flow provides a significantly simplified
scan protocol that is less user-dependent [2,3]. Unfortunately, 4D flow MRI, which typically
employs gradient recalled echo (GRE) readouts, suffers from low contrast-to-noise when
compared to 2D flow MRI, due to the smaller voxel sizes (2D flow MRI typically uses thick
slices) and the absence of in-flow enhancement.

As aresult, 4D flow sequences are often acquired after injection of contrast agents, such as
Gadolinium or Ferumoxytol to improve SNR and blood-myocardium contrast. Nevertheless,
there is a growing effort to limit the use of contrast agents, due to their reported side effects.
Gadolinium, for instance, carries toxicity risk, particularly for renal function [4]. Similarly,
Ferumoxytol has been associated with the anaphylactic reactions [5], which in turn has led to
restrictions on its use and availability in some countries [6]. Therefore, using native contrast in
4D flow MRI is a preferred yet challenging solution.

In this work, we introduce and validate a novel technique for acquiring and reconstructing
4D flow data without the need for contrast injection. Using, the proposed technique called
Synchronization of Neighboring Acquisitions by Physiological Signals (SyNAPS), two free-
running [7] 3D radial datasets are acquired back-to-back with the first providing high contrast
anatomical images [8] and the second providing 4D flow images [9]. The free-running data are
continuously acquired without the need for ECG-gating or respiratory navigators. In parallel to
the acquisition, Pilot Tone navigation [10,11] is used to retrospectively synchronize the two
acquisitions and inform a joint cardiac motion-resolved and respiratory motion-corrected 4D
image reconstruction of the data.

We validated this technique in a cohort of healthy subjects and compare 4D flow
measurements using SYNAPS (SyNAPS 4D flow) to 4D flow datasets reconstructed only from
free-running 3D radial PC-MRI data (4D flow), and to a 2D flow reference standard. We tested
the hypotheses that synchronizing these two sequences enables an improved visualization of
the cardiac anatomy and great vessels, enables a dynamic segmentation of vessels, and
improves 4D flow measurements of net volume and peak flow Relative to the 2D flow reference
standard.

Methods

Synchronization of Neighboring Acquisitions by Physiological Signals
(SyNAPS)

The SyNAPS framework consists of 6 steps as illustrated by Figure 1. First, a sequence with
high blood-myocardium contrast (free-running 3D radial fast interrupted steady-state sequence,
or FISS [8,12,13]) and a sequence with flow encoding (free-running 3D radial PC-MRI
sequence [9]) are acquired back-to-back. To track cardiac and respiratory motion over the total
acquisition time (~14 minutes), a 12-channel body coil array with an integrated Pilot Tone
generator (Siemens Healthcare, Erlangen, Germany) is used [10,11], and the raw Pilot Tone
data collected during each sequence are combined for subsequent signal extraction (Figure 1A).

Second, cardiac and respiratory signals are estimated from the Pilot Tone data based on a
previously described framework for free-running 3D radial acquisitions but modified to
accommodate multiple sequences acquired back-to-back (Figure 1B) [10,14]. In effect, the Pilot
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Tone signals that span the two acquisitions are treated as continuous to facilitate extraction of
cardiac triggers and respiratory curves as follows.

A. Acquisition of free-running anatomical data immediately followed by acquisition of free-running
flow data

B. Joint extraction of respiratory and cardiac signals using Pilot Tone

@

0 @

D
(®) ! 5 i'-' P FRFISS MRI FR Flow MRI
W<l> '5»&’6, - m\/w
l;‘ ,V g ( l / PT cardiac signal

C. Cardiac trigger detection and binning done simultaneously

PT cardiac signal

FR FISS MRI FR Flow MRI

W O O

Cardiac binning

D. Estimate rigid respiratory motion displacements from FISS data using fNAV

FR FISS MRI respiratory signal
+

FR FISS MRI imaging readouts

E. Apply the rigid respiratory motion correction to both anatomical and flow datasets
Resps(t) Respiow(t)
Displacement, (t)= Respgs(t) . D, Displacement,(t)= Respgow(t) -
= Respgs(t) - = Resppowlt) -
Displacement,(t)= Respgs(t) . D, Displacement,(t)= Resppow(t) . D,

F. Use cardiac binning and respiratory displacement coefficients to reconstruct 4D volumes

Figure 1. SyNAPS framework for synchronization of two free-running 3D radial MRI sequences. A) One
free-running 3D radial fast interrupted steady-state sequence (FISS) [14—16], for a contrast free and natively fat
suppressed whole-heart anatomical acquisition, and one free-running 3D radial PC-MRI sequence (FLOW) were
acquired sequentially [1,24]. B) Cardiac and respiratory signals are extracted from the continuously acquired Pilot
Tone (PT) signals. C) From the extracted cardiac signals, triggers were selected to then perform cardiac binning
of the data over time. D) From the respiratory curves extracted, respiratory motion displacements are obtained
from the FISS data using fNAV [23], E) and are applied to both sequences. F) The resulting cardiac binning and
respiratory correction information is used to inform a k-t-sparse SENSE reconstruction adapted to each sequence
to obtain 4D imaging volumes. In this study, the resulting Magnitude images from 4D FISS and Phase images
from 4D Flow are then combined to create 4D Flow SyNAPS.
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Third, cardiac triggers are obtained by applying both principal component and independent
component analysis to the raw Pilot Tone data followed by adaptive filtering that targets
frequencies within physiologically plausible ranges for cardiac motion. The local minima of the
cardiac signal then define triggers which allows us to bin readouts from both acquisitions into
20 cardiac phases with synchronization between sequences and without the need for
interpolation of cardiac time-points (Figure 1C).

Fourth, respiratory curves are obtained using principal component analysis, followed by
adaptive low pass filtering that targets frequencies within physiologically plausible ranges for
respiratory motion and detrending to reduce potential offsets between the two sequences or
signal drift [7]. The bulk translational motion of the heart due to respiration is then corrected
for both free-running FISS and free-running PC-MRI datasets, using focused navigation
(fNAV) as previously described [15,16]. Briefly, the unitless respiratory curve derived from
Pilot Tone is multiplied by three initially unknown coefficients that describe the maximum
displacement in millimeters of the heart over time along the three spatial dimensions. These
coefficients are iteratively updated according to a metric for image blur (entropy of the gradient
image) calculated over a region-of-interest containing the heart in the FISS images (Figure 1D).

Fifth and finally, the optimized displacement measurements are applied to the corresponding
k-space data as a phase shift for both the FISS and PC-MRI acquisitions to correct for
respiratory motion (Figure 1E). The data are binned into cardiac phase as described in the third
step, and synchronized 4D FISS and 4D Flow images are reconstructed using k-t-sparse SENSE
(Figure 1F), that has been previously described for free-running FISS and free-running PC-MRI
[7,9,17].

Study cohort

Eight healthy volunteers (4F, ages 23-32) were scanned on a 1.5T MAGNETOM Sola
system (Siemens Healthcare, Erlangen, Germany) using the 12-channel body coil array with an
integrated PT transmitter. All subjects provided written informed consent compliant with our
institutional guidelines and approved by the local research ethics committee.

MR Image Acquisition

As described in the previous section, free-running 3D radial FISS [8] and PC-MRI [9]
sequences were acquired back-to-back, for a non-contrast and natively fat suppressed whole-
heart anatomical acquisition, and whole-heart acquisition with velocity encoding respectively.
Both sequences are derived from a free-running 3D golden-angle radial research sequence
[7,18,19], where data is continuously acquired over time, using a spiral phyllotaxis readout
pattern [20].

The trajectory is partitioned into interleaves, which contain radial readouts spiraling down
k-space [7,10]. Each new interleave is rotated by the golden angle with respect to the previous
one. The trajectory (i.e. the number of interleaves and the number of readouts per interleave)
has been adapted differently for both sequences used in this study (FISS or flow), to account
for the repeated velocity encoded readouts in the flow sequence.

For the free-running FISS sequence, a total of 12000 radial interleaves were acquired, each
with 24 readouts and 6 readouts per FISS module. For each readout, TR=2.94 ms and TE= 1.5
ms, and the scan time was 3:45 min [8]. For the free-running 3D radial PC-MRI sequence, 4820
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interleaves were acquired, where imaging readouts were repeated 4 times for balanced 4-point
velocity encoding [9,10]. A total of 21 radial readouts was acquired per interleave (1 SI + (5
readouts x 4-point velocity encoding)). For each readout, TR= 5.3 ms, TE= 3.5 ms, venc= 150
cm/s, and scan time=8:59 min. Both free-running FISS and PC-MRI were acquired with the
same field of view of (220mm)?, spatial resolution (2.0mm)? and same prescription of the
acquisition volume

In addition to the free-running sequences, two reference standard breath-held 2D flow
datasets at end-expiration were acquired for comparison, in the ascending (AAo) and
descending aorta (DAo0). Sequence parameters for the 2D flow acquisitions were as follows:
TR/TE=5.1/2.9ms, venc=150cm/s, FOV=380x260mm?, spatial resolution= 2.0x2.0x6.0mm?>,
Scan time=0:15min.

Free-running image reconstruction

All volunteer data were reconstructed using the SyNAPS framework on a workstation
equipped with 2 Intel Xeon CPUs (Intel, Santa Clara, CA), 512GB of RAM, and a NVIDIA
Tesla GPU (Nvidia, Santa Clara, CA). For the k-t-sparse SENSE reconstruction [7,9,17],after
first normalizing each acquisition by the maximum signal from a gridded image reconstruction,
regularization parameters for reconstructing free-running FISS datasets were 0.03 for total
variation applied along the cardiac dimension and 0.015 for total variation applied along the
spatial dimension, and regularization parameters for free-running PC-MRI were 0.0075 in the
cardiac dimension and 0.015 in the spatial dimension [16]. The free-running FISS
reconstructions resulted in 4-dimensional (4D) FISS datasets (x-y-z-cardiac); reconstructions
of free-running PC-MRI data returned 4D flow datasets (x-y-z-cardiac-velocity encode).

Data Analysis

After reconstruction, the high blood-myocardium contrast images from 4D FISS (magnitude
images) were combined with the phase images from the 4D flow datasets to create SyNAPS 4D
flow datasets. In both 4D flow datasets (with and without SyNAPS) vessel planes were
manually placed to match the same location as the 2D flow acquisitions in the AAo, DAo, and
were analyzed using the Circle cvi42 software (Calgary, Canada). In the planes selected for the
descending aorta, a cardiac frame was selected so it included a portion of the myocardium. To
quantify blood-to-myocardium contrast, two regions of interest were manually drawn, one in
the descending aorta and one in the myocardium, and the ratio of the signal intensity between
these two regions was calculated.

Dynamic vessel tracing was performed for all flow datasets, based on magnitude and phase
images and was semi-automatically adjusted. The absolute difference in vessel area was
estimated between each 4D flow segmentation and the reference 2D flow segmentation for each
time point, and the mean and standard deviation of the absolute vessel area difference was then
estimated across all subjects. Additionally, the Dice similarity coefficient was computed
between each 4D flow and 2D flow dynamic vessel segmentations.

The flow rate curve over the cardiac cycle was obtained for each segmentation, and net
volume and peak flow measurements were calculated. Differences in net volume and peak flow
were estimated between each 4D flow dataset and the 2D flow reference.
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Linear regression and Bland-Altman analysis were used to compare SyNAPS 4D flow, 4D
flow and 2D flow measurements. A Wilcoxon signed rank test was performed to assess the
significant value of the differences measured.

Results

Figure 2 shows two representative examples from healthy subjects, with AAo and DAo
segmentations placed in the same location in SYyNAPS 4D flow, 4D flow and 2D flow. In both
cases, the main visual differences shown from SyNAPS 4D flow are the increase in blood image
contrast in the magnitude information when compared to 4D flow. Additionally, the image
contrast provided by FISS has enabled the clear visualization of moving cardiac structures,
including the segmented vessels, and it shows similar tissue contrast to the 2D flow images,
which benefit from in-flow effects. The estimated blood-to-myocardium contrast ratio from
SyNAPS 4D flow (1.5+0.4) approaches the ratio from 2D flow (2.0+£0.9, p=0.55), while 4D
flow datasets had the lowest contrast ratio (0.7+0.1, p<0.01).

SyNAPS 4D Flow 4D Flow

Figure 2. Comparison of SYNAPS 4D Flow to 4D Flow and to the reference 2D Flow for one representative
healthy volunteer. The anatomical images integrated in SYNAPS 4D Flow increase the image contrast when
compared to 4D Flow MRI. Additionally, heart and vessel structures are better depicted in SyNAPS 4D Flow, with
similar contrast to the one from 2D Flow MRI. A4o: base of the ascending aorta; DAo: the mid descending aorta.
Images and vessel segmentations were captured from the image processing software, and blue and red dots inside
the vessel segmentation represent maximum and minimum velocity voxels.
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Moreover, when looking at the magnitude images over time, we observed that the delineation
of the vessel borders in SyNAPS 4D flow was constant throughout the cardiac cycle, while 2D
flow magnitude images, due to the in-flow effects, showed clear fluctuations in signal intensity,
reducing vessel visibility. In 2D flow, a higher signal intensity is reported in the blood during
mid-systole, with a reduction in signal intensity along the rest of the cardiac cycle until reaching
mid-diastole, when the blood velocity in the main vessels is largely reduced. This effect can be
visualized in Figure 3, which also shows the consistently low signal level from the 4D flow
magnitude images. Moreover, Supplementary Video S1 shows this effect across the cardiac
cycle, for four subjects.

SyNAPS 4D Flow 4D Flow 2D Flow

Mid-Systole

Mid-Diastole

Figure 3. Image contrast between mid-systolic and mid-diastolic phases of the cardiac cycle in the magnitude
images for SYNAPS 4D flow, 4D flow and 2D flow datasets of a healthy 26 years old female subject. Image
contrast varied in 2D flow, due to inflow effects, while in SYNAPS 4D flow it remains constant. 4D flow provided
the worst image contrast of the three techniques. A4o: base of the ascending aorta; DAo: the mid descending
aorta. Images and vessel segmentations were captured from the image processing software, and blue and red dots
inside the vessel segmentation represent maximum and minimum velocity voxels.

For the resulting vessel segmentations, changes in vessel area are observed over time for
SyNAPS 4D flow, as well as for the reference 2D flow results, while vessels segmented using
4D flow were mainly static segmentations, as shown in Figure 4. The absolute difference in
vessel area (across all time points and volunteers) between SyNAPS 4D flow and 2D flow was
61.1+£26.7 mm? for AAo (p=0.08) and 58.3+20.2 mm? for DAo (p=0.02). Conversely, when
comparing 4D flow with 2D flow, differences in vessel area were 90.5+18.8 mm? for AAo
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(p=0.008) and 103.4+58.9 mm? for DAo (p=0.008). The Dice similarity coefficient between
SyNAPS 4D flow and 2D flow vessel segmentations was 0.88+0.05 for the AAo and 0.88+0.04
for the DAo, whilst the Dice similarity coefficient between vessel segmentations of 4D flow
and 2D flow was 0.83+0.08 for the AAo and 0.85+0.07 for the DAo. Differences between the
SyNAPS 4D flow vs. 2D flow and 4D flow vs. 2D flow dice scores were statistically significant
(p<0.01). The Pearson correlation coefficient between the dynamic vessel area of SYNAPS 4D
flow and 2D flow was 0.72+0.27 for the AAo and 0.82+0.09 for the DAo, and the correlation
values obtained between 4D flow and 2D flow were lower, 0.09+0.37 for the AAo and
0.12+0.44 for the DAo.
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Figure 4. Visualization of flow rate and vessel area across the cardiac cycle for 2D flow, 4D flow, and
SyNAPS 4D flow. For all healthy volunteers included in this study, two vessel locations were chosen, one at the
base of the ascending aorta (AAo), and another one in the mid descending aorta (DAo). Black: 2D flow, Blue: 4D
flow; Red: SyNAPS 4D flow.
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Figure 4 shows the flow rate curves over time for 2D flow, 4D flow and SyNAPS 4D flow.
Across all vessels analyzed, it is possible to visualize cases where the flow curves agree between
the three flow datasets (e.g. S4 in AAo), but there are also cases where both SYNAPS 4D flow
and 4D flow underestimate the flow rate at peak systole when compared to 2D flow (e.g. S8 in
DAo), and some cases show an improvement in flow rate of SYNAPS 4D flow, with a closer
agreement to 2D flow when compared to 4D flow curves (e.g. S3 in AAo). Measurements of
net volume and peak flow rate are compared among approaches in Figure 5, with linear
regression results showing similar significant correlation between all flow datasets (p<0.05).
Moreover, Bland-Altman analysis showed a lower bias and limits of agreement between
SyNAPS 4D flow and 2D Flow relative to 4D Flow vs 2D flow.

Linear regression ‘ 1 Bland-Altman ‘ ‘ Metrics
—1 A. _ B.

—E‘ 150 P 100 4D Flow SyNAPS 4D Flow
= > i vs. 2D Flow vs. 2D Flow
é i 50
P 2 100 > r? 0.79 0.86
£ g v

< e
= Z © i
° @ ° Bias -73% -3.7%
> & 50
E3
P 3
2 5 s LOA 26.3 % 19.1%
b S
> [ -100
L | = 0 50 100 150 0 50 100 150
NV,5 Fow (ML) mean NV (mL)
ks D. 100
— 2 4D Flow SyNAPS 4D Flow
{ e vs. 2D Flow vs. 2D Flow
- 3 50
é é a I e e e ettt de rz 0.74 0.89
[ = L3 :
% 3 ° i ° o
= B B RSN ETS  EaRE Bias -8.5 % -6.4 %
o ‘; -50
3] o
g b= LOA 27.8% 18.7%
W5 : -100
a 0 200 400 600 0 200 400 600
PF, 0 Frow (ML) mean PF (mL/s)
=== 4D Flow vs. 2D Flow === SyNAPS 4D Flow vs. 2D Flow

Figure 5. Comparison of net flow (A-B) and peak flow (C-D) measurements between 4D Flow vs. 2D Flow
as well as between SyNAPS 4D Flow vs. 2D Flow. Linear regression (A,C) and Bland Altman (B,D) plots show
smaller biases when using SyNAPS 4D Flow. A,C. Black dotted lines represent the ideal linear regression trend
(slope=1) and color dashed lines represent the linear regression outcome for each pair. B,D. bias is depicted in
solid lines; limits of agreement (LOA) are represented by dashed lines. Blue: 4D Flow vs. 2D Flow; Red: SyNAPS
4D Flow vs. 2D Flow. r2: coefficient of determination.

Discussion

In this work, we introduced SyNAPS, a novel technique for synchronizing and
reconstructing consecutively acquired free-running radial whole-heart MRI sequences. Using
SyNAPS we combined free-running anatomical (FISS) and flow (PC-MRI) sequences to
reconstruct SyNAPS 4D flow images that enable a better overall visualization of the
cardiovascular anatomy, with improved dynamic segmentation of blood vessels, resulting in a
more accurate assessment of flow without the need for contrast agents.
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In SyNAPS 4D flow, the phase information is derived from the free-running flow sequence,
just like in 4D flow datasets, however, here the magnitude information, obtained from 4D FISS,
provides improved anatomical image contrast. Therefore, the main difference between a
SyNAPS 4D flow dataset and a standard 4D flow dataset pertains to the fact that on the first
case there is an improved anatomical visualization of cardiac structures, which change
dynamically over the cardiac cycle, empowering a dynamic segmentation of the vessels of
interest and consequently enhancing the quantification accuracy of flow measurements in those
vessels. This unfortunately is not easily achieved solely with 4D flow as the magnitude
information provides very low blood-myocardium contrast when performing image acquisition
without contrast agent injection. When comparing SyNAPS 4D flow to 4D flow, we can
observe that the magnitude information is clearly improved, and additionally comparable to the
magnitude information extracted from the 2D flow datasets, which benefit from in-flow
enhancement. Additionally, because the in-flow enhancement is sensitive to blood velocity,
vessels visibility appear to be more consistent across the cardiac cycle for SYNAPS 4D flow
than for 2D flow.

Previous studies have also explored the possibility of leveraging a separately acquired 3D
anatomical scan to improve vessel and ventricular segmentation, and thus empower a more
accurate flow quantification when combined with a Cartesian 4D flow acquisition [12,13].
These studies used retrospective ECG-gating to synchronize reconstructions to the underlying
heart rate and interpolation to provide the same number of cardiac phases for each sequence.
To account for respiratory motion, strategies using multiple-averages [12] or prospective
respiratory gating to limit data-acquisition to end-expiration [13] have been proposed. The later
also investigated image registration to account for residual respiratory motion due to differences
in the navigator signals derived from the two sequences, and used a gadolinium-based contrast
agent to enhance image quality [13]. Compared to these studies, SyNAPS did not require
contrast agents for providing good delineation of anatomical structures, while using Pilot Tone
enabled the synchronization of acquisitions without the need for performing multiple averages
or interpolating cardiac phases. Moreover, we are no longer limited by differences in the
navigator signals, which are typically sequence dependent, to obtain co-registered volumes. The
extraction of the respiratory curves and cardiac triggers from the Pilot Tone signals that span
the two acquisitions ensures that the signals go through the same post-processing framework
and therefore are treated similarly to ensure consistency between signals.

The present study has some limitations. First, there is no absolute validation tool to guarantee
that SyNAPS is synchronizing the acquired anatomy and flow datasets. Our current assessment
of data synchronization comes from the fact that the combined vessel area comparison and flow
results from SyNAPS 4D flow have a good agreement with the reference 2D flow. Nevertheless,
small unnoticeable errors may exist, that could have been caused by a drift in the respiratory
signal. A more in-depth in vitro study could help understand possible sources of asynchrony to
expect in SyNAPS, but random sources of signal corruption may be too complex to simulate.
Additionally, image registration could help quantify any possible shift between datasets,
however the magnitude data from free-running 3D PC-MRI has considerably lower contrast
compared to free-running FISS, which may hinder this computation.

A second limitation of this study is the use of fNAV to correct respiratory motion. In this
study, fNAYV is only correcting translational bulk motion, and, as a result, does not account for
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rotational motion or the more general non-rigid behavior of respiratory motion. This can lead
to small motion correction errors in the final imaging datasets. Further developments aim at
extending fNAV to non-rigid motion correction in SyNAPS data. Nevertheless, fNAV is not an
essential component to the SYNAPS framework, and the synchronized datasets can instead be
reconstructed into several respiratory phases to create synchronized 5D imaging volumes [7,9].

Finally, the use of free-running FISS as the anatomical dataset to integrate in SYNAPS 4D
flow was chosen because, like a bSSFP sequence, it provides a good blood to myocardium
image contrast, but also has native fat suppression that should decrease streaking artifacts in the
resulting anatomical image. However, for higher spatial resolutions, other free-running
anatomical sequences, such as a bSSFP sequence with fat saturation pulses [7,18] or a bSSFP
sequence incorporating LIBRE pulses [21], might provide alternative options for visualizing
the cardiovascular anatomy, and would be easily integrated in the SyNAPS framework, due its
intentional independence from the underlying contrast or sequence parameters.

Despite the presented limitations of this study, the introduction of SyNAPS as a solution to
having both cardiac and respiratory synchronization in cardiac MRI could enable a more
comprehensive cardiac MRI evaluation, where all free-running and volumetric sequences are
connected. These promising initial results motivate further validation of the framework,
especially in the context of heart-rate variability and respiratory drift. Using SyNAPS, a
contrast-free whole-heart 4D flow acquisition with good blood-to-myocardium contrast that
enables the dynamic segmentation of the vessels for improved quantification of blood flow
intake in vessels can now be acquired within a fixed scan time. This easy-to-use setup, which
does not require respiratory navigators, could possibly become an alternative to conventional
4D flow techniques to increase image quality without the need for contrast agents. Moreover,
SyNAPS could also be applied to other branches of the free-running framework, such as T1
[14] mapping, T2 [22] mapping or fat fraction mapping [23], to create a highly comprehensive
MRI-based tool for a synchronized assessment of the structure, function, flow, and tissue
properties of the heart, for an improved clinical assessment of heart disease.

Conclusion

This work introduces SyNAPS, a novel framework that builds towards comprehensive
whole-heart MRI without the need for contrast agents, by synchronizing free-running
acquisitions. We demonstrated the initial feasibility and utility of SyNAPS on a setup for joint
whole-heart anatomical and flow MRI that does not require ECG gating or respiratory
navigators. We show that the high-contrast anatomical imaging sequence can be leveraged to
improve 4D flow measurements that often suffer from poor delineation of the vessel boundaries
in the absence of contrast agents.
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4.3. Conclusions and Outlook of this work

In this study, a novel technique was developed to synchronize and combine two sequentially
acquired free-running sequences. Using the proposed SyNAPS method, one anatomical free-
running sequence and one free-running PC-MRI sequence were combined into one
comprehensive 4D ‘anatomy + flow’ imaging dataset, which provided improved anatomical
image quality compared to simple 4D flow reconstructions of the same data without the need
for contrast injection. The improvement in the visualization of cardiovascular structures enabled
a dynamic segmentation of vessels, which in turn increased the precision of flow quantification.

The development of SyNAPS was only possible thanks to the two projects described in
Chapters 2 and 3, demonstrating that addressing different limitations of the free-running PC-
MRI framework has a direct positive impact in its improvement over time. Particularly, using
Pilot Tone to perform a sequence independent respiratory and cardiac motion detection was the
key element to enable the synchronization of two different free-running sequences.

Moreover, connecting anatomical information with flow information improved the
comprehensibility of the 4D flow dataset without the need for contrast injection. The advantages
to not using any contrast agents are broad, from reducing medical costs and setup time to
reducing the risk of contrast-derived comorbidities, particularly common in Gadolinium-based
contrast agents.

Despite its initial validation for 4D “anatomy + flow” datasets, the long-term advantages go
beyond synchronizing only these two modalities. Using SyNAPS could enable information
sharing between multiple sequences (anatomy, flow, T1 mapping, T2 mapping, etc.), creating
a more comprehensive multi-dimensional CMR exam. The sharing of information between
sequences could also be used in the future to further accelerate scan times, and to develop
reconstruction algorithms that explore the sparsity across sequences to improve image quality.
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Chapter S.
Complementary projects

While the main focus of this doctoral thesis was to improve the overall ease of use and
quality of the free-running PC-MRI framework, either by establishing new modalities for signal
extraction or by including motion correction algorithms within the framework, over time
different questions arose, that in turn became small research projects. None of these projects
has so far been extended to article format, but they were submitted to peer-reviewed
conferences: two of them were presented in past years and the third one was submitted to a
conference for next year.

Although each project focuses on a different question, they still have one main goal in mind:
improve our understanding of the free-running PC-MRI framework when acquired in different
contexts. In each sub-chapter, a different technical question was addressed:

Chapter 5.1) How can different contrast agents influence the flow outcome in 5D flow

reconstructions of free-running PC-MRI data?

Chapter 5.2) What are the effects of different field strengths (1.5T vs. 3T) in 5D flow

reconstructions of free-running PC-MRI data?

Chapter 5.3) Can we extract features of the ECG signal from the free-running PC-

MRI self-gating data using a deep-learning network?
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5.1. On the effects of contrast agents in free-running whole-
heart 5D flow Imaging

5.1.1. Overview and Personal Contribution

In Chapter 4, SyNAPS was developed to synchronize back-to-back acquisitions, that when
validated using one anatomical and one flow sequence yielded 4D flow datasets with improved
anatomical blood-to-myocardium contrast, which enabled dynamic vessel segmentation and,
thus, improved flow quantification without the need to use contrast agents. Alternatively, using
contrast agents may improve the signal quality of PC-MRI datasets, and could possibly benefit
the optimization of sequence parameters, and further reduce scan times. The injection of
contrast agents such as Gadolinium-based or Ferumoxytol-based compounds shortens the
relaxation time of tissues within the body that are capable of absorbing these contrast agents to
their medium. As a result, using particular sequences, these tissues can have a larger contrast
from the remaining tissues that have not absorbed the contrast agent, improving the
visualization of some anatomical structures. These contrast agents can be used to visualize
vessels, and, additionally, Gadolinium is commonly used to visualize the myocardial scar
formation and regional myocardial fibrosis.

This study focuses on comparing the use of contrast agents in the flow performance of the
free-running 3D radial PC-MRI framework, with 5D flow reconstructed datasets, in a cohort of
congenital heart disease patients. Since using contrast agents increases the signal detected in
the bloodstream, they are expected to enable a better flow quantification than when compared
to native contrast (no-contrast). Similar work has since been reported by Kollar et al. at the
Journal of Cardiovascular Magnetic Resonance 2022 (doi:10.1186/512968-022-00886-w).
Nevertheless, this hypothesis had not been tested in the free-running 3D radial PC-MRI
framework, and therefore we performed an initial study to try to compare 5D flow images
reconstructed from patients with native contrast to those with either Gadolinium or
Ferumoxytol.

The results of this study were submitted as an abstract at the Society for Magnetic Resonance
Angiography (SMRA) 34th Annual International Conference in 2022, where it was accepted as
a Power Pitch. The investigation of how contrast agents can influence the quality of multi-
dimensional PC-MRI imaging is highly relevant to ensure robustness of the techniques, clinical
protocol definition, and their impact on clinical assessment.
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5.1.2. Abstract

On the effects of contrast agents in free-running whole-heart SD flow Imaging
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Purpose

In free-running whole-heart radial phase-contrast (PC) MRI', fully self-gated respiratory and
cardiac motion-resolved 3D images are reconstructed with velocity sensitivity across three
orthogonal directions (5D flow MRI)"2. Compared to the current clinical gold standard 2D PC
MRUP, this framework improves scanning efficiency as well as ease-of-use!. However, to date,
the effect of using contrast in 5D flow MRI has not been investigated. In this study, we
compared flow measurements from 5D flow datasets collected without contrast agent, with
Ferumoxytol, and with Gadolinium. 2D PC MRI was acquired as reference. We tested the
hypothesis that post-contrast 5D flow MRI improves the accuracy of flow measurements
relative to no contrast.

Segmentation Streamlines

2D PC MRI

5D flow MRI

Ferumoxytol

2D PC MRI

Gadolinium

5D flow MRI

2D PC MRI

No Contrast

5D flow MRI

Figure 1. Comparison between three CHD patients acquired with 5D flow MRI. Top to bottom:
Ferumoxytol (19y, M, Marfan syndrome), Gadolinium (21y, M, transposition of the great arteries, post-
atrial switch), and no contrast (34y, M, tricuspid atresia). Left to right: 3D Segmentation, 3D Streamlines,
and 2D contours of AAo, DAo, and MPA.
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Methods

15 congenital heart disease (CHD) patients (age 22.5+11.4, 4 F) were scanned on a 1.5T
MAGNETOM Sola system (Siemens Healthcare, Erlangen, Germany) using the 5D flow MRI
sequence'. Additionally, 2D PC MRI was acquired in the proximal ascending aorta (AAo),
descending aorta (DAo) and main pulmonary artery (MPA). Prior to the scanning, five subjects
received Gadolinium, and five subjects received Ferumoxytol. The five remaining subjects
were scanned without a contrast agent. 2D PC MRI contours were drawn on magnitude images.
Using a compressed-sensing-based image reconstruction framework 2, end-expiratory 5D flow
images were selected. 3D vessel segmentation was based on retrospectively computed phase-
contrast angiography images for each 5D flow dataset. Orientations and anatomical levels from
the 2D PC MRI planes (AAo, DAo, MPA) were used for reformatting and comparison with the
2D images, using Circle's cvi42 (Calgary, Canada) post-processing software. 5D flow
segmentation and flow streamlines were visually inspected during the analysis. Net volumes
and peak flow rates were measured, and Bland-Altman analysis was used to compare 5D flow
MRI and 2D PC MRI. A Wilcoxon signed-rank test was used for statistical analysis.

Results

Segmentation and streamline visualization were qualitatively similar between each contrast
group (Fig.1). Good agreement between 5D flow MRI and 2D PC MRI net volume
measurements (Fig.2) can be reported for both Ferumoxytol (p=0.72) and Gadolinium groups
(p=0.17), while significant differences were found when acquiring without contrast (p=0.03).
Significant peak flow rate biases were identified in the Gadolinium group (p=0.001) and in the
no contrast group (p=0.00006), but not for Ferumoxytol (p=0.17). Overall, flow measurements
showed better agreement with 2D PC MRI in the Ferumoxytol group followed by its
Gadolinium and no contrast counterpart.
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Figure 2. Bland—Altman plots between SD flow MRI and 2D PC MRI measurements, for each
contrast group. Top to bottom: net volume (NV) and peak flow rate (PF). Left to right: Ferumoxytol,
Gadolinium and no contrast. Black continuous lines: bias. Black dashed lines: limits of agreement (LOA).
AAo, DAo and MPA are visualized in different colors.
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Discussion

In this preliminary study, we tested the effects of different types of contrast agents on 5D
flow MRI measurements. We report that Ferumoxytol leads to an improvement in 5D flow
assessment with respect to the reference 2D PC MRI, while 5D flow MRI without contrast
agent showed the least favorable results. This confirms our hypothesis that contrast injection
improves the quantification of flow measurements in 5D flow MRI, with regard to 2D PC MRI.
The significant differences reported in the no contrast group suggests a larger sensitivity to
noise, which is reduced when using Gadolinium, and even more so with Ferumoxytol. This
study did not include a quantitative evaluation of signal-to-noise ratio, but future work will
focus on adding related metrics and on scanning more subjects.
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5.1.3. Conclusions and Outlook of this work

In this preliminary study including 15 patients, 5 for each contrast group, the results suggest
a clear influence of contrast agents on the accuracy of flow measurements. Non-contrast data
were in general visibly noisier, followed by Gadolinium and Ferumoxytol data, the latter
showing the best agreement with reference flow measurements. These results may be largely
affected by the image segmentation since non-contrast datasets showed an overall deterioration
of anatomical blood-to-myocardium contrast. If that were the case, SYNAPS would provide an
easy solution by integrating anatomical information into the flow datasets and grant a dynamic
segmentation of vessels that would improve flow quantification.

Additionally, the use of SyNAPS could be extended to cases acquired with Gadolinium or
Ferumoxytol, to understand if the flow quantification could be even further improved. If so,
using contrast agents together with SYNAPS could then be used to accelerate the acquisition of
free-running flow and anatomy datasets, which could become a powerful tool for a fast
comprehensive MRI scan.
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5.2. Fully self-gated respiratory and cardiac motion-
resolved SD flow: comparison at 1.5T and 3T

5.2.1. Overview and Personal Contribution

So far, we have described two ways to increase the image contrast and consequently improve
flow quantification in the free-running PC-MRI framework. First, we introduced the SyNAPS
tool that prompted the synchronization of two back-to-back acquisitions and enabled the
creation of a joint 4D flow “anatomy + flow” reconstruction that provided improved anatomical
blood-to-myocardium contrast and subsequently improved flow quantification. Secondly, we
studied how using contrast agents may yield better signal quality and, therefore, improve flow
quantification.

One additional way to increase signal quality is to acquire sequences at higher field strengths.
So far, all the work presented in this doctoral dissertation has acquired imaging data at a 1.5T
field strength. Studying the free-running PC-MRI framework at 3T could benefit from the
higher signal-to-noise ratio (SNR) properties of higher field strengths, which could contribute
to improving spatial or temporal resolution and decrease acquisition time. The free-running PC-
MRI framework has a good set of ingredients that could enable a successful 3T application, but
to date it has not been tested in this context.

In this study, we recruited a cohort of healthy subjects and compared 5D flow reconstructions
of free-running PC-MRI data in back-to-back scans at 3T and 1.5T. We studied the differences
and similarities between the flow outcomes in the two field strengths.

Together with Dr. Christopher Roy, I recruited all subjects for this study. I performed all
image reconstructions and analyses. This study was submitted as an abstract at the SCMR 24th
Annual Scientific Sessions in 2021, where it was accepted as an oral presentation.

5.2.2. Abstract
Fully self-gated respiratory and cardiac motion-resolved 5D flow: comparison at 1.5T
and 3T

Mariana B. L. Falcdo', Liliana Ma??, Lorenzo Di Sopra’, Jérome Yerly'?, Michael Markl®?,
Matthias Stuber'*, Christopher W. Roy'

'Department of Diagnostic and Interventional Radiology, Lausanne University Hospital (CHUV) and
University of Lausanne (UNIL), Lausanne, Switzerland

2Department of Radiology, Feinberg School of Medicine, Northwestern University, Chicago, Illinois, USA

3Department of Biomedical Engineering, Northwestern University, Chicago, Illinois, USA

4Center for Biomedical Imaging (CIBM), Lausanne, Switzerland

Background

Motion-resolved 4D flow MRI is a powerful tool for evaluating hemodynamics in the heart
and great vessels!?. Recently, a framework for fully self-gated (SG) free-running radial 3D
phase-contrast MRI (5D flow) was developed for respiratory and cardiac motion-resolved flow
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imaging with 100% scan efficiency®*. 5D flow MRI was validated on 1.5 T scanners and has
shown comparable performance to conventional 4D flow MRI*?. In this work, we extended the
5D flow framework to 3T and performed the first comparison of 5D flow MRI in back-to-back
scans of the same subjects at 1.5 and 3T. Our goal was to test the hypothesis that the 5D flow
framework can be performed at both 1.5T and 3T and allows for comparable quantification of
aortic hemodynamics.

Methods

Eleven healthy subjects (7F, age 23-34) were scanned on 1.5T and 3T clinical scanners
(Siemens Healthcare) using 5D flow MRI (5D flow 1.5T and 5D flow 3T)* as previously
reported®. Additionally, ECG and respiratory gated Cartesian 4D flow MRI at 1.5T (4D flow)
was used as a reference standard. From the 5D flow data, respiratory and cardiac signals were
extracted for data binning®*® and images were reconstructed using a sparse SENSE
algorithm®”8, To assess cardiac signal extraction quality, the triggering variability between SG
and ECG signals was calculated®. Two 2D planes (ascending aorta, AAo, and descending aorta,
DAo) were selected from each of the flow datasets and used to measure stroke volume, net
flow, peak flow, and peak velocity. Variability across the three flow datasets was measured
using paired t-tests.

110 cm/s

5D flow

@ 1.5T

5D flow
@ 3T

t=120ms t=160ms t=320ms t=520 ms

Figure 1. Comparison of flow streamlines over time for 4D flow 1.5T, 5D flow 1.5T and 5D flow 3T
in one representative volunteer.

Results

Comparison of cardiac SG signals to the gold standard ECG showed non-significant
differences in triggering variability between the two field strengths (16.6 + 3.9 ms at 1.5T and
13.8 +4.2 ms at 3T, p>0.05). Overall, the flow measurements from 4D flow, 5D flow 1.5 T and
5D flow 3T were comparable. Fig.1 and Fig.2 depict flow streamlines and flow curves over
time in a subset of representative volunteers. Significant differences were found between 4D
flow and 5D flow 1.5T (Fig.3) and were reported in the AAo measures of peak velocity
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(100.0+£16.7cm/s vs. 113.8421.3cm/s, p=0.04) and in the DAo measures of peak flow

(240.6£73.9ml/s vs. 217.9+56.7ml/s, p=0.03) and peak velocity

93.6+20.3cm/s, p=0.02).
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Figure 2. Flow curves comparison between conventional 4D flow at 1.5T, 5D flow at 1.5T and 5D
flow at 3T. A.-D. Flow curves measured at one 2D segment of the ascending aorta (AAo) and one 2D
segment of the descending aorta (DAo) in four representative volunteers.
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Figure 3. Comparison of flow measurements between 4D flow at 1.5T, 5D flow at 1.5T and 5D flow
at 3T for AAo and DAo. A. Stroke volume. B. Net flow. C. Peak flow. D. Peak velocity. Significant
differences (p<0.05) are reported with a black asterisk (*). Outliers are indicated with a red cross (+).
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Discussion and Conclusion

Fully self-gated free-running 5D flow MRI at 3T yielded similar results to both conventional
4D and 5D flow measurements at 1.5T. The finding that peak flow and peak velocity using 5D
flow MRI at 3T were not significantly different from 4D flow measurements at 1.5T, whereas
the opposite was reported for SD flow MRI at 1.5T vs 4D flow MRI, may be an indicator that
increased SNR at 3T could be causing lower flow underestimation, as described in °. These
promising results warrant further investigation of 5D flow MRI at 3T in patient cohorts in order
to further establish the utility of this free-running volumetric flow acquisition with 100%
scanning efficiency.
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5.2.3. Conclusions and Outlook of this work

Testing the free-running PC-MRI framework at 3T has shown promising results, and future
sequence developments could focus on optimizing this sequence to this specific field strength,
which would further increase the SNR. However, moving to 3T can also increase the magnetic
field and radiofrequency inhomogeneities, as well as the susceptibility effects, all which, in
turn, may reduce image quality. Nonetheless, most of these drawbacks can be attenuated by
higher order shimming, choice of the sequences used, between other technical changes.
Therefore, the SNR benefits of 3T should be further investigated and taken advantage of for
improving the sequence design in the free-running PC-MRI framework, particularly for
increasing spatial resolution.

The expansion to 3T could also be accelerated by using contrast agents to further improve
signal quality, or by integrating anatomy with flow information using SyNAPS to increase the
anatomical blood-to-myocardium contrast to assist in vessel segmentations.
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5.3. A deep learning framework for cardiac self-gating in
free-running radial 4D flow MRI

5.3.1. Overview and Personal Contribution

Throughout this thesis, the importance and utility of extracting respiratory and cardiac
signals to either resolve or correct motion has been demonstrated. However, for cardiac signals
derived from either Pilot Tone or self-gating, the features used to bin data according to a desired
time-point in the cardiac cycle can be quite different from the well-established features of the
gold-standard ECG. The ECG signal describes the heart’s electrical activity as a sequence of
electrical depolarizations and repolarizations, and in a healthy scenario it is characterized by
three main waves:

- P wave - represents atrial depolarization
- QRS complex - represents ventricular depolarization
- T wave — represents ventricular repolarization

The peak of the QRS complex (R-wave) is usually much larger in amplitude than the
remaining waves, so in MRI it is used as the cardiac feature to segregate consecutively acquired
heart beats, and to either trigger off or sort the imaging data.

Self-gating, unlike ECG gating, does not use the heart’s electrical activity but is instead
based of changes in image intensity due to the presence of motion, mainly describing the bulk
movement of the heart due to respiration as well as the heart’s contraction and relaxation. While
ECG and self-gating are correlated to each other, as they are capturing information of the same
heart at the same period of time, their cardiac gating features do not necessarily overlap. As a
result, and as shown in Chapter 2, there may be a shift between the ECG and the self-gating
trigger points, hampering a direct and reproducible link between reconstruction frames and
physiology, and leading to asynchrony when comparing multiple SG images to gold-standard
ECG-gated images, which limits the translation and validation of SG techniques to clinical
practice.

In a deliberate effort to close the synchronization gap between cardiac time-points derived
from ECG and self-gating Giulia MC Rossi and I worked together to create a deep neuronal
network that would predict R-wave peaks from self-gating data using the free-running PC-MRI.
The results are shown in the following abstract that was accepted at the 2023 ISMRM & ISMRT
Annual Meeting and Exhibition as an oral presentation.
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5.3.2. Abstract

A deep learning framework for cardiac self-gating in free-running radial 4D flow MRI
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Switzerland.
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Introduction

Accurate detection of cardiac motion is essential for producing high-quality MR images of
the heart. Electrocardiography (ECG) is currently the gold-standard to trigger the acquisition or
to perform retrospective cardiac gating, as the peaks of the R-waves can be reliably identified.
However, ECG placement may be time consuming, and the signal is prone to corruption by
magnetohydrodynamic effects or gradient switching. Alternatively, self-gating (SG) techniques
use the acquired MRI data to derive a signal related to the underlying motion that can be used
for retrospective cardiac gating'. Nevertheless, features of SG signals do not usually correspond
to ECG R-wave peaks, hampering a direct and reproducible link of reconstruction frames with
physiology?. This can lead to asynchrony when comparing multiple SG images to gold-standard
ECG-gated images, limiting the translation of SG techniques to clinical practice.

Previous studies have demonstrated the feasibility of training neural networks to find R-
wave peak timepoints using SG signals, both for angiography** and MRI>~. To our knowledge,
no network has so far been developed for 4D flow MRI.

The aim of our study was therefore to train, validate, and test a network for predicting R-
wave peak timepoints using repeated readouts from free-running radial 4D flow data. We
performed our analysis in a cohort of heart disease patients, compared our deep-learning-based
predictions against ground-truth ECG, and demonstrated the feasibility of using deep-learning-
based self-gating to reconstruct radial 4D flow data.

Methods

Acquisitions. Free-running 3D radial Phase-Contrast MRI (PC-MRI)? data were acquired in
75 consenting patients (3-82 years; 47 M) on a 1.5T MAGNETOM Sola (Siemens Healthcare,
Erlangen, Germany), while recording ECG. Each interleaf of the 3D radial trajectory9 was
preceded by a readout along the superior-inferior (SI) direction for subsequent self-gating
(Fig.1A).

Data preparation. Datasets were split into training (55), validation (10) and testing (10)
sets. For each dataset, the extracted SI readouts were inverse-Fourier-transformed and
subdivided into 3-second windows (Fig.1B). Each window was temporally interpolated (N=60
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timepoints, temporal resolution=48ms), spatially cropped (N,=128 samples), and underwent
coil compression (Nc=10 virtual coils). Ground-truth binary labels (Recg), indicating the true
temporal location of R-wave peaks (Recg triggers), were obtained for each window from ECG.

Network architecture and training. A fully convolutional neural network (FCNN)” was
designed to predict from each SI projection a probability of correspondence to an R-wave peak
(Fig.1C). Network weights (2458540 trainable parameters) were learned on training data by
minimizing the weighted binary cross-entropy loss between Rgcg and the predicted
probabilities (60 epochs, Adam optimizer, learning rate 0.0005).
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Figure 1. Study Framework A. Free-running 3D radial PC-MRI data were acquired, while recording the
ECG. B. Inverse-Fourier-transformed SI readouts were divided into 3s windows (N=60 timepoints, N,=128
samples, Ne=10 virtual coils). C. The FCNN repeatedly applies blocks of convolutional layers (3x3), rectified
linear unit activations and max-pooling (1x2). At each iteration, N, is halved, N¢ is doubled, and N is
preserved, until Np=1 is reached. Nc is reduced to 1 within a last convolutional block (1x1), and a sigmoid
activation yields a final vector of R-wave peak probabilities.
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Model selection. Validation data were used for a Youden Index-based selection of the best
model (Mop:€[0 60]) and optimal threshold (Top: €[0 1]) for the conversion of probabilities into
binary labels (Rrcnn) predicting exact R-wave peak timepoints (Rrenn triggers).

Performance evaluation. The performance of Moy in combination with Topt was evaluated
by predicting Rrenn for the validation (biased) and testing (unbiased) sets and comparing
against Recg. For each subject, outlier Rrenn and Rece triggers (missed and additional R-wave
peaks) were counted and excluded from further analysis?. The timing between consecutively
detected triggers (RR intervals) was compared, and trigger shifts and jitters were computed. For
one subject, two 4D flow reconstructions'® using either Rrenn or Recg triggers were performed,
and flow measurements were compared.

Results

Predictions from the selected model Moyt (epoch 47) in combination with Top: (0.00003) were
overall in good agreement with Recg, both for validation and testing (Fig.2A,C-D), with five
visually assessed failure cases (validation=2, test=3, Fig.2B) that were excluded from further
analysis.

Despite the larger number of bad RFCNN triggers (Tab.1), the model proved capable of
identifying R-wave peak timepoints even when the latter were missed in Recc (Fig.2D). After
exclusion of bad triggers, Rrenn triggers showed a good concordance with Recg, with average
trigger shifts and jitters close to the temporal resolution of the data (12.8+18.9ms and
52.7428.5ms for validation, 40.5+30.3ms and 84.2+79.5ms for testing, Tab.1).
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AV. RRgee AV. RRecnn Trigger shift  Trigger Jitter % bad Rgcg % bad Recyy
interval (ms) interval (mS) (ms) (mS) triggers triggers

V1 1057.5 1056.1 78 56.2 0.2% 26.5%
v2 919.5 919.2 36 236 0.9% 11%
V4 934.0 936.0 7.2 33.9 5.1% 7.4%
V5 894.0 890.9 27 94.2 1.3% 19.9%
v7 828.8 849.5 58.4 89.9 0.0% 20.6%
ve| 10555 1055.9 155 234 0.0% 0.2%
) 926.8 920.9 23 65.8 0.8% 11.9%
vio| 7043 708.3 46 346 1.9% 1.3%

Meantstd | 12.8:18.9 52.7:28.5 1.3£2.0% 11.1£10.0%
T 880.4 880.1 25 234 1.4% 1.4%
T2 755.7 743.2 44.4 76.2 3.0% 17.8%
T4 830.2 836.2 58.7 7256 8.5% 11.8%
5 7335 724.6 76.9 119.3 1.2% 24.9%
7 724.2 724.4 18.0 241 0.0% 0.0%
T8 925.2 924.2 10.8 28.0 1.2% 10.8%
T0| 8899 888.7 72.4 245.6 0.0% 4.9%

| Mean:sta | 405:303 84.2479.5 2.243.0% 10.2£9.0%

Table 1. Quantitative comparison of FCNN prediction to ground-truth ECG. For both RecG and Rrenn, the
resulting average RR interval (RRecc and RRrenn) as well as the percentage of bad triggers (missed and additional
R-wave peaks) are reported together with the trigger shifts and jitters (bad triggers excluded). Five visually
assessed FCNN failure cases were excluded from this analysis. V, T: subjects belonging to the validation (V) and
testing (T) sets.

The distribution of RRrenn and RRece intervals was comparable (Fig.3A), confirmed by the
low bias and limits of agreement (1.98+104.19ms for validation, -1.79+109.56ms for testing,
Fig.3B-C).

4D flow reconstructions using both Rrenn and Recg triggers showed good synchronization
of flow rate curves, with comparable net volume (NV) and peak flow (PF) measurements in the
ascending (NVrenn=58.03mL, NVecg=57.35mL, PFrenn=347.64mL/s, PFecg=345.93mL/s)
and descending aorta (NVrcnn=38.49mL, NVgcg=37.57mL, PFpcnn=215.61mL/s,
PFecg=215.1 9mL/s).

Discussion and conclusion

We have shown the feasibility of extracting R-wave peak timepoints from SG readouts in
free-running radial 4D flow data using deep learning. The detected timepoints agreed with
ground-truth ECG (shifts and jitters close to temporal resolution, comparable RR intervals), and
allowed for the generation of 4D flow images with reliable flow measurements. Despite these
preliminary results, the temporal resolution of the datasets used for training the network (48ms)
had limited the precision. Additionally, the relatively small number of patients included resulted
in a low variability in terms of image contrasts and resolution, possibly explaining failure cases.

An extension of the network to other free-running sequences is envisaged, with the aim of
achieving a reliable synchronization of SG reconstructions to gold-standard ECG-gated images,
further validating the use of SG as an ECG-free alternative for cardiac gating, and simplifying
the clinical workflow of cardiac MRI.
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Figure 3. Comparison of RR intervals. A. Box plots showing the distribution of RR intervals in RFCNN (green)
and RECG (red). B-C. Bland-Altman plots of RR intervals in RFCNN and RECG for the validation (B) and test
(C) sets. The size of the points is proportional to their relative occurrence. Five visually assessed FCNN failure
cases were excluded from this analysis.
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Figure 4. Comparison of 4D flow
reconstructions of one dataset using either
RFCNN or RECG triggers for cardiac gating.
The patient shown (T7 in Tab.1) is a 69 years
old Mitral Regurgitation female patient (degree
3). A. Streamline visualization in peak systole
showing comparable image quality. B. Flow
rates in the ascending (AAo) and descending
(DAo) aorta. A good synchronization of the two
triggering techniques, as well as a good
agreement in the flow curves is shown.
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5.3.3. Conclusions and Outlook of this work

This preliminary work demonstrated that using free-running PC-MRI self-gated data we
were able to create a deep neuronal network that is capable of predicting the location of R-wave
peak timepoints. Albeit preliminary, the reported results are very promising, and bring down
the barrier of asynchrony when comparing multiple SG images to gold-standard ECG-gated
images. Further optimization of this work will, thus, contribute to the validation of self-gating
techniques and to their translation to clinical practice.
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Chapter 6.
Conclusion and Outlook

This doctoral thesis has addressed several practical challenges and limitations of the free-
running PC-MRI framework in an effort to improve its clinical utility in CMR for the diagnosis
and monitoring of congenital heart diseases.

First, Chapter 2 integrated an MR image-independent motion detection system called Pilot
Tone with the free-running PC-MRI framework and used it to detect respiratory and cardiac
motion signals. Using Pilot Tone, the imaging sequence and the self-navigation signals are
entirely decoupled from each other, which offers new opportunities for improving the
acquisition (e.g. accelerating scan times, improving resolution) without jeopardizing the signal
extraction accuracy. Additionally, the implemented sequence-independent signal extraction
framework can be easily adapted to detect respiratory and cardiac motion in other free-running
branches, such as whole-heart and whole-liver fat-water quantification imaging (using free-
running multi-echo GRE), T2 mapping (using free-running T2 mapping), and ultra-short echo
time (using free-running UTE) sequences. Some of these applications have been successfully
implemented and presented at international conferences (see Chapter 7 and Supplementary
Information material).

In Chapter 3, respiratory motion correction tool called focused navigation (fNAV) was
implemented in the free-running PC-MRI framework. The positive results reported in the
quantification of flow measurements, and the increase in sampling per imaging volume when
compared to the previously used respiratory-resolved alternative, encourages new
developments in sequence design to reduce scan times, improve spatial resolution and further
improve image quality in free-running PC-MRI.

Finally, in Chapter 4, the knowledge gained from the studies presented in Chapters 2 and 3
was combined and used to create the SyNAPS technique, which enabled the synchronization of
two sequences acquired back-to-back, one anatomical free-running sequence and one free-
running PC-MRI sequence. Using Pilot Tone navigation, which is decoupled from the imaging
sequence, the respiratory and cardiac motion extraction can be combined for both sequences
together. Moreover, the motion correction provided by the fNAV algorithm facilitated the
overlap of the imaging volumes. Synchronizing and combining the two free-running sequences
using SyNAPS led to the creation of 4D “anatomy + flow’ imaging datasets that have increased
anatomical blood-to-myocardium image contrast in the flow datasets, which improved dynamic
vessel segmentation for a more accurate quantification of flow measurements.

The impact of the work presented has led to new clinical collaborations that investigate the
impact of the free-running PC-MRI framework in different cardiovascular diseases.
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One study at the University of New South Wales in Sydney, Australia, has acquired 100
patients, 71 of those with pulmonary hypertension, to study and derive invasive hemodynamic
measures (pulmonary vascular resistance, mean pulmonary arterial pressure, and mean
pulmonary arterial wedge pressure) from 5D flow data using machine-learning tools. This study
has been accepted to the 2023 Society for Cardiovascular Magnetic Resonance (SCMR)
international meeting, with title “Cardiovascular MR and supervised machine learning in the
derivation of pulmonary vascular hemodynamics in pulmonary hypertension” see Chapter 7 &
and Supplementary Information A2.2.7 for abstract’s content).

In a second collaborative study, a diverse CHD patient cohort (N=60) undergoing CMR was
recruited at the University Hospital of Lausanne, and blood flow was quantified across all major
vessels (aorta, pulmonary arteries, pulmonary veins and caval veins) using the reference
standard 2D PC-MRI, the conventional 4D flow MRI and the free-running PC-MRI framework
reconstructed to 5D flow datasets. The goal of the study is to compare the three PC-MRI
acquisitions to evaluate which acquisition provides a better internal consistency in flow
measurements across these major vessels. The preliminary results of this study were accepted
as a power pitch at the 2023 Society for Cardiovascular Magnetic Resonance (SCMR)
international meeting under the title “Comparison of free-running whole-heart 5D and 4D
compressed sensed flow imaging to standard 2D phase contrast in patients with right-sided
congenital heart disease” (see Chapter 7 & and Supplementary Information A2.2.8 for
abstract’s content). Figure 1 shows one example from this patient cohort (left), where one 5D
flow image volume captured at end-systole and end-expiration shows the presence of stenosis
in a patient with coarctation of the aorta after aortic resection.

Additionally, a cohort of patients (N=40) with mild to severe mitral regurgitation is being
recruited at the University Hospital of Lausanne, where the free-running PC-MRI framework
is being acquired together to the gold standard CMR exam for mitral regurgitation. This study
will test the hypothesis that 5D flow reconstructions from the free-running PC-MRI framework
can quantify the degree of severity of mitral regurgitation with a comparable outcome to the
gold standard CMR exam, as well as to the gold standard echocardiography. In Figure 1 (right)
is it possible to visualize one severe mitral regurgitation case with a hypertrophic left atrium,
and the regurgitant flow jet pattern at end- systole and end-expiration.

29y, F, Coarctation of the aorta,
status-post resection and end-to-
end anastomosis

68y, M, Severe mitral valve
regurgitation with leaflet restriction

Figure 1. Examples of two clinical datasets
acquired with the free-running PC-MRI
framework reconstructed into 5D flow
MRI images. The first case, on the left, is a
congenital heart disease 29 years old female
patient with coarctation of the aorta, status
post resection and end-to-end anastomosis.
The second patient, on the right, is a severe
mitral regurgitation 68 years old male
patient. Both datasets were acquired at the
University Hospital of Lausanne with my
technical support for two separate studies.
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Beyond the clinical collaborations, this doctoral thesis has also enabled new scientific
discoveries and developments that are presented in the Supplementary Information Chapter.

Across all techniques investigated, this doctoral thesis has enabled me to have my own
contribution to the field of multi-dimensional PC-MRI through the development of SyNAPS as
an innovative solution for a more comprehensive MRI exam.

When compared to the conventional respiratory navigated 4D flow MRI, 4D flow SyNAPS
has whole-heart coverage with good blood-to-myocardium contrast, which enabled a dynamic
segmentation of the vessels for improved flow quantification. Moreover, planning the
acquisition of 4D flow SyNAPS is easier, without needing to place navigators or to adjust
imaging volumes. Additionally, 4D flow SyNAPS acquired anatomy and flow information in a
fixed scan time under 15 min, with possible future improvements towards faster scan times.
Alternatively, the conventional 4D flow MRI requires a complex setup, has unpredictable and
long scan times when acquiring whole heart coverage, and may not acquire data using an
isotropic resolution due to image quality constraints, which limits the flow quantification in
some orientations. 4D flow SyNAPS is therefore a promising alternative to 4D flow MRI.

The development of SYNAPS demonstrates the benefits of resolving practical limitations of
the free-running PC-MRI framework. Implementing and validating Pilot Tone was particularly
decisive to enable the synchronization and combination of back-to-back acquisitions because it
is sequence independent. SyNAPS also addresses some practical limitations, such as the
improvement of cardiovascular anatomical contrast without the need for contrast agent
injection, as well as the improvement in vessel segmentation, that can now be dynamic, all
which contribute to a more accurate and robust quantification of flow measurements.

Moreover, 4D flow SyNAPS has so much untapped potential that can empower innovative
tools for CMR. For instance, the possibility to synchronize and combine two, or more,
sequentially acquired acquisitions. The benefits of sequence synchronization drives
interconnectedness and information sharing between different imaging sequences, that, just like
in the case of 4D “anatomy + flow” datasets, may create more comprehensive MRI datasets.
Using SyNAPS, cardiovascular MRI could be reimagined to be an easy-to-perform protocol
that acquires 3D sequences consecutively and fully synchronized, which, once reconstructed,
would be merged into a large multi-dimensional dataset containing in itself all different types
of imaging information acquired, pertaining to anatomy, flow, tissue properties, perfusion, etc.
This push-button comprehensive CMR solution could help deploying CMR to new clinical
centers without the need for specialized CMR training and would improve the current clinical
workflow by removing the unpredictable time constrains, derived from, for example, ECG,
slice, and navigator placement.

Nevertheless, for this push-button comprehensive CMR solution to succeed, it is also
important to address the current limitations relative to the imaging software analysis. This has
not been mentioned at large because it was not the focus of this doctoral dissertation;
nonetheless, it is a very important component for a long-term usage of multi-dimensional free-
running sequences, and in particular for the free-running PC-MRI framework. At present time,
there is a small number of software tools capable of handling 4D data, but as information grows
towards higher dimensionality, it becomes harder to find a software that is able to connect all
the different dimensions together. Therefore, this gap needs to be solved by creating new image
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analysis solutions in order to be able to analyze these multi-dimensional datasets. The
aforementioned analysis tools need to be intuitive and easy to use, to ensure that they are well
received by the clinical community and to facilitate its global use. Moreover, the scientific
community that focuses on developing multi-dimensional MRI would greatly benefit from
joining forces to develop an open-source image analysis solution to visualize and analyses these
multi-dimensional datasets.

In conclusion, this doctoral dissertation has addressed a number of practical challenges of
the free-running PC-MRI framework that will drive new optimizations of the framework in the
future, such as improving spatial resolution and reducing scan time. The implementation of new
strategies for the free-running PC-MRI framework has enabled the development of a novel
technique called SyNAPS that synchronizes two sequentially acquired free-running sequences,
and combines them to create 4D “anatomy + flow” datasets. The resulting datasets provide an
improved visualization of cardiovascular structures in flow data, which enables a dynamic
vessel segmentation and improves flow quantification without the need for contrast injection.
Future work on SyNAPS will simplify CMR protocols that will consequently help in the
broader use of CMR to diagnose and manage CHD in adult and pediatric populations.
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Al. Supplementary Information:
Peer-reviewed articles which I have

co-authored

Al.1. The Role of Cardiovascular Magnetic Resonance in
Patients with Mitral Regurgitation - Peer-Reviewed Article

Article published at the Journal of Cardiovascular Development and Disease.
My contribution: I contributed with the knowledge on multi-dimensional phase-contrast magnetic
resonance imaging applications to patients with mitral regurgitation.
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Abstract: The 2019 Global Burden of Disease (GBD) study estimated that there were approximately
24.2 million people affected worldwide by degenerative mitral regurgitation (MR), resulting in
34,200 deaths. After aortic stenosis, MR is the most prevalent VHD in Europe and the second-most
common VHD to pose indications for surgery in western countries. Current ESC and AHA/ACC
guidelines for the management of VHD emphasize the importance of an integrative approach for
the assessment of MR severity, which is of paramount importance in dictating the timing for surgery.
Transthoracic echocardiography (TTE) and transesophageal echocardiography (TEE) are the first-line
imaging modalities; however, despite the technological advancement, sometimes, the final diagnosis
on the degree of the disease may still be challenging. In the last 20 years, CMR has emerged as a
robust technique in the assessment of patients with cardiac disease, and, recently, its role is gaining
more and more importance in the field of VHD. In fact, CMR is the gold standard in the assessment
of cardiac volumes, and it is possible to accurately evaluate the regurgitant volume. The purpose of
this review is to outline the current state-of-the-art management of MR by using Cardiac Magnetic
Resonance (CMR).

Keywords: mitral valve; cardiovascular magnetic resonance

1. How to “MRI” a Mitral Valve?

The first-line examination for MR remains transthoracic echocardiography (ITTE);
however, CMR can be of help in many clinical settings [1-3]. The aim of a CMR examination
focused on MV includes the assessment of MV anatomy and function to quantify the
regurgitation and its hemodynamic repercussion on cardiac chambers. Finally, the scanning
protocol includes myocardial tissue characterization in order to identify focal and diffuse
myocardial fibrosis [4] (Figure 1).
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CMR Protocol for MR

Scout Images

Cine images: long axis view (2-chamber, 4-chamber and 3-chamber view).
contiguous short-axis of the LV.

;’ 7

Mitral valve images: contiguous LVOT cines planned perpendicular to the
mitral valve commissures

Mitral Regurgitation Quantification: 2D phase contrast flow mapping through
the ascending aorta (not necessary if 4D flow performed).

LGE images: long axis view (2-chamber, 4-chamber and 3-chamber view),
contiguous short-axis of the LV.

Optional sequences: 4D flow with 2 field covening the LV, LA and all 4 valves,
native and post- contrast T1 mapping

Figure 1. CMR protocol to image a mitral valve. LA: Left atrium; LV: left ventricle; LVOT: left
ventricle outflow tract.

1.1. Mitral Valve Apparatus Assessment

MRI can be used to assess leaflets” anatomy and movement. The steady-state free
precession (SSFP) pulse sequence is commonly used in this setting since it provides a good
assessment of valve morphology and function [5]. Image acquisition is ECG-gated, and
each slice is obtained during a single breath-hold of 5-8 s [5]. A visual assessment should
be made of all four components of the mitral valve: the anterior leaflets, the posterior
leaflets, the annulus, and the sub-valvular apparatus enclouding the papillary muscles [5].
Contiguous, long-axis, left ventricular outflow tract SSFP images should be acquired to
visualize and assess all the mitral valve cusps (A1-P1, A2-P2, and A3-P3) [4] (Figure 2A).
In this way, it is possible to detect the mechanism of the MR, detecting the presence of
prolapsing leaflets or a functional MR. Nevertheless, it must be pointed out that small,
thin structures (i.e., fibroelastomas or vegetations) may not be correctly visualized due to
spatial resolution.
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Figure 2. A short axis view of the mitral valve with scallops. Contiguous, long-axis, left ventricular
outflow tract SSFP images should be acquired to visualize and assess all the mitral valve cusps
following the red lines (A). A three-chamber view of a patient with bileaflet mitral valve prolapse in
systole (B) showing the regurgitant jet (red arrow). A three-chamber view showing the volume of
the prolapse that is typically not considered when calculating the ejection fraction ((C), orange box).
The mitral annular plane is highlighted in red lines. The slice position for the phase-contrast velocity
mapping sequence (D). (E) is showing a flow curve (mL/s) through the ascending aorta to calculate
the aortic forward flow. MRvol = mitral regurgitant volume; AFF = aortic forward flow; LVSV = left
ventricle stroke volume.

1.2. Ventricular Volume and Function

Correctly imaging the left ventricular (LV) volume and function is of paramount
importance in assessing the hemodynamic repercussion of the valvulopathy and avoiding
the progression through cardiac dysfunction. Finally, therefore, it is essential to decide on
the timing for surgical intervention [1,2] (Figure 2B). Notably, CMR is the gold-standard
imaging technique for evaluating LV volume, mass, and function. LV imaging should
be assessed according to SCMR guidelines [5]. Ventricular volumes are calculated from
a short-axis stack of 6-8 mm thick slices with an interslice gap of 4 mm [5]. It must be
taken into account that, in patients with prominent mitral valve prolapse (MVP), the
echocardiographic quantification made by Simpson’s method may underestimate the LV
end-systolic volume (LVESV), as it only considers the volume located between the apex and
the mitral annulus and neglects the ventricular volume that is displaced into the left atrium
but is contained within the prolapsed mitral leaflets at the end systole [6]. This may lead to
an underestimation of LVESV, with a consequent overestimation of mitral regurgitation [7].
The recent series published by Vincenti G et al. [8] highlighted how, for patients with severe
bileaflet prolapse, the correction of the LVSV considering the prolapse volume leads to a
lower LV ejection fraction, and it also modifies the assessment of MR severity by one grade
in a large portion of patients (Figure 2C). However, whether this has prognostic value still
needs further validation.
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1.3. Tissue Characterization

CMR is the only cardiac imaging technique allowing for the evaluation of myocardial
composition. The cornerstone of this aspect is Late Gadolinium contrast-enhanced (LGE)
imaging, which is typically obtained 10-15 min after contrast media injection [5]. Since
gadolinium contrast media are able to reduce the T1 relaxation time and have a different
wash-out in the normal myocardium compared to the pathological myocardial area, it
highlights the presence of a damaged myocardium. The latter has a brighter signal, in
contrast with the dark healthy myocardium [9]. Another technique that allows for a more
quantitative approach to tissue characterization is T1 mapping. Higher native T1 relaxation
times may be caused by edema, fibrosis, or protein accumulation. Finally, post-contrast T1
mapping, together with the hematocrit levels, is essential for extracellular volume (ECV)
quantification [5].

1.4. Mitral Regurgitation Quantification

The quantification of the MR is a fundamental part of the CMR examination [1,4].
Several qualitative and quantitative methods are available. Starting from qualitative
assessment, the MR jet can be visualized using both cine and 2D phase-contrast CMR.
This is a visual approach which relies on spin dephasing in cine images. However, it
must be pointed out that, given its susceptibility and the important intra-observer and
inter-observer variability, this method should be used only to assess the presence of MR,
while any estimation of the degree of severity should be performed only quantitatively [4].

1.4.1. 2D Phase Contrast (PC) Velocity Mapping

2D PC velocity mapping is the cornerstone of flow imaging and represents the standard
approach to MR quantification [9]. The preferred sequence parameters of 2D PC imaging
include a though-plane image placed at the sino-tubular junction in the end-diastole to
quantify forward flow (Figure 2D,E). This plane should be perpendicular to the vessel.
The baseline velocity encoding for aortic flow is 2.0-2.5 m/s, and the temporal resolution
is 2545 ms. The standard method to calculate the MR volume lies in 2D PC velocity
mapping and accounts for the difference between the LV stroke volume calculated using
the planimetry of SSFP and the forward volume obtained by 2D PC images [5]. In this way,
it is possible to calculate the regurgitant volume and the regurgitant fraction. The mitral
regurgitant volume (MRvol) is expressed as the difference between the left ventricular
stroke volume (LVSV) and the aortic forward flow (AFF), and the regurgitant fraction (RF)
is the MRvol divided by the LVSV, expressed as a percentage. According to both American
and European recommendations, an RF > 50% or an MRvol > 60 mL identifies patients
with severe MR. As can be imagined, the crucial advantages of this method account for
the easy measurement, the lack of a need for geometric assumption, the lack of a contrast
agent application, and the short investigation time [10]. However, it must be noted that the
accuracy of the PC measurement can be reduced in cases of irregular rhythm or patient
motion. Additionally, this standard 2D-based approach does not allow for visualizing or
quantifying the 3D structure of the regurgitant jets, as, for instance, echocardiography does.

1.4.2. Quantitative Assessment of MR with CMR

The MRvol and MR RF can be measured according to different methods using a
combination of 2D phase contrast velocity mapping and cine images.

1.  The standard approach implies the quantification of MRvol and MR RF considering
the difference between the LV stroke volume calculated using the planimetry of
SSFP images and the aortic (systolic) forward volume obtained by phase-contrast
images (AoPC).

2. If no other valve regurgitation or haemodynamically significant shunt are present, the
MRvol can be derived by the difference between the LV stroke volume and the RV
stroke volume calculated using the planimetry of SSFP images. It must be noted that,
given the relatively lower precision with which the RV stroke volume is quantified
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compared with the LV stroke volume, intra- and inter-observed variability is lower
compared with other methods [11].

3. The difference between the mitral inflow stroke volume and the AoPC. If this method
is suitable for patients with multiple valve regurgitations, the fact that 2D phase-
contrast CMR requires static imaging planes and cannot adapt to valve motion may
result in some inaccuracy [12].

4. Finally, if 4D-flow is available, a direct quantification of the MR flow with retrospective
mitral valve tracking can also be performed. MR jets are quantified by defining a
systolic reformatted plane perpendicular to the single jet or individually for multiple
jets. Otherwise, a reconstructed aortic plane using the retrospective valve-tracking
method can be used to quantify AoPC. This measurement can then be used to quantify
the MR volume or fraction using the standard LVSV-AoPC method.

1.4.3. 4D Flow

4D flow velocity-encoded CMR imaging is an emerging technique that involves phase-
contrast acquisition with flow encoding in all three spatial directions and to the dimension
of time. New advances in 4D flow MRI [13] are growing, enabling a more in-depth quan-
tification of MR. Research on this modality has been growing over the past years, and it
has enabled not only the quantification of aortic forward flow but also the valve tracking,
indirect regurgitant flow tracking, regurgitant jet quantification, and computation of mitral
forward flow [14,15]. In a study by Fidock et al. in 2021 [16], 35 patients with different
levels of MR severity were recruited for CMR, including the acquisition of 2D cines and
4D flow, and four different methods for MR quantification were compared. Patients were
distributed into three groups: having Primary MR, having secondary MR, and having
had mitral valve replacement (MPV). The most reproducible technique was reported to be
regurgitation assessment based on the correlation between the mitral inflow and aortic in-
flow, both measured directly from 4D flow MRI data. In 2020, Blanken et al. [17] compared
valve tracking and flow tracking semiautomatic quantification techniques to investigate
the reproducibility of each measurement in 34 MR patients with different MR severity
diagnoses, and they concluded that flow tracking of the regurgitation jets provided more ac-
curate quantification of MR in terms of agreement with the indirect reference measurement,
particularly for severe MR cases [17]. Notably, with the advances in accelerated 4D flow
MR, the scan time could possibly be reduced whilst maintaining the accuracy in results.
For instance, in 2022, Blanken et al. [18] introduced a new sampling pattern for acquiring a
faster 4D flow CMR for valvular quantification, enabling whole heart acquisitions in a short
scan time (<10 min) with reliable MR quantification. Additionally, the introduction of the
so-called free-running techniques could become a valuable aid in simplifying the scanning
workflow, as they acquire imaging data without interruptions over a fixed period and
without the need for complex slice positions or navigator placement [18,19]. Nevertheless,
a validation of these techniques for MR quantification is still lacking.

However, in contrast to the previous decade, several options of analysis tools for 4D
flow are available, and, to date, a standardized analysis process that allows for a uniform
workflow and will generate reproducible and comparable quantification is lacking [4].

Clearly, in clinical settings, 4D flow will not replace echocardiography, but since it
can provide a reliable quantification of MR when compared with 3D transesophageal
echocardiography and has the direct advantages of a non-invasive technique that does
not require sedation, it should be considered as a compliment technique. Additionally,
it can be used in patients with comorbidities that prevent the use of transesophageal
echocardiography [12].

2. Echocardiography and Cardiovascular Magnetic Resonance: Friends or Foes?

In patients with MR, agreement between CMR and the echocardiographic guidelines
algorithm was suboptimal. Several studies have shown that echocardiography has lim-
itations in distinguishing non-severe MR from severe MR [20]. Frequently, there could
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be discordance among the echocardiographic parameters of MR severity, and there was
no guideline-defined hierarchy for weighing individual parameters [20-22]. Recently,
S. Uretsky et al. found that, among patients identified as having severe MR by the Ameri-
can Society of Echocardiography algorithm, less than half had severe MR by concomitant
CMR evaluations [23]. This finding is consistent with prior studies that have shown a
significant discordance between CMR and echocardiography, with absolute agreement
values ranging from 36% to 63% [24,25].

The “internal coherence’ of the various measures is of paramount importance in the
assessment of thr LV volume and quantitative parameters of MR grading. In fact, in routine
echocardiographic practice, the occurrence of these discrepancies between effective stroke
and regurgitant volume are not infrequent. In this setting, the CMR evaluation could
improve the internal coherence in the MR assessment thanks to its high accuracy and
reproducibility through a combination of LV volumetric measurements and aortic flow
quantification with phase-contrast velocity mapping or with newer tools such as 4D flow
cardiac MRI [3].

Finally, regurgitant volume by CMR seems to be the most reliable method for identify-
ing patients with severe MV, as it is an independent predictor of LV reverse remodelling
after mitral valve correction compared to other echocardiographic parameters [23].

The main remaining pitfalls in the assessment of MR by CMR are the fact that current
severity thresholds are derived from echocardiographic data and the lack of standard
cut-off values. However, recent studies suggest that CMR-specific thresholds may be more
appropriate and more closely related to outcome [26], and the increased reproducibility
and accuracy of LV and MR quantification may pave the way for the routine use of CMR in
the assessment of mitral valve disease [27].

3. What Is the Role of CMR in Primary Mitral Regurgitation?

In both European and AHA /ACC guidelines for the management of MR, CMR is
considered only in cases of an inconclusive echocardiography [1,2]. Moreover, no specific
indications regarding additional information that can be provided by CMR according to
the aetiology of MR are provided.

It must be noticed that, to date, if CMR is superior in assessing cardiac volume and
function compared to echocardiography, a gold standard in the quantification of MR
severity is still lacking [1]. Surely, echocardiography remains the first-line examination
to evaluate primary MR; however the quantification of MR may be challenging, since it
strongly relies on an acoustic window and geometric assumptions [1]. To date, only a few
studies have tried to compare the degree of severity of primary MR detected in TTE with
CMR, showing no conclusive results [28,29]. As mentioned, Uretsky et al. [20] recently
demonstrated that there is limited concordance between the echocardiographic parameters
of MR severity, and the discordance was worse with more severe MR, highlighting the chal-
lenges facing echocardiographers when assessing the severity of MR and emphasizing the
need for using an integrated approach that incorporates multiple components. Moreover,
the evaluation of MR in CMR has been proven to have a prognostic role. The first larger
prospective study in primary MR was published by Myerson et. al. in 2016 [26]. In this
landmark paper, patients with moderate or severe primary MR detected in TTE were fol-
lowed up for a mean time of 2.5 = 1.9 years. In this cohort of 109 asymptomatic patients, the
presence of a regurgitant volume > 55 mL was found to be associated with the appearance
of symptoms and the need for surgery [26]. Moreover, an MR regurgitant volume >55 mL
was also found to be the best predictor of mortality in a prospective, multicentric study
involving 258 asymptomatic patients with moderate or severe primary MR [27].

Arrhythmic Mitral Valve Prolapse

MVP is a common cardiac condition, with an estimated prevalence between 1% and
3% [30]. Most of the patients with this condition have a benign course, but ever since its
initial description, mitral valve prolapse has been associated with higher risk of complex
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ventricular arrhythmia and sudden cardiac death [31]. Arrhythmogenesis in patients with
mitral valve prolapse is a complex interplay between different factors which is still not com-
pletely deciphered. The fundamental role of cardiac imaging is to highlight the presence of
high-risk features, which possibly expose patients to a higher risk of arrhythmic complica-
tions [32]. The echocardiographic “high-risk” features include the presence of a bileaflet
MVP (defined as the presence of a displacement >2 mm beyond the long-axis annular plane,
with >5 mm leaflet thickening [33]) accompanied by morphofunctional abnormalities of
the mitral annulus such as mitral annular disjunction (MAD) and systolic curling [31].
Conventionally, MAD is defined as the apparent systolic separation of the mitral leaflet in-
sertion from the ventricular myocardium, typically evaluated in a three-chamber view [34].
However, it must be pointed out that the presence of MAD has a circumferential extension,
and, sometimes, its identification with TTE will be challenging [31]. On the contrary, the
extent of the longitudinal MAD distance located in the posterolateral wall is easily assessed
by CMR. Essayagh et al. compared TTE and CMR for the detection of MAD and found a
low sensitivity (65%) but a high specificity (96%) for TTE [35]. A recent study compared
TTE, TEE, and CMR and showed only a moderate agreement between TTE and CMR, while
a good agreement was found between TEE and CMR [36]. Notably, no specific analysis on
the patho-morphomogy of MAD exists so far. Recently, evidence for the fact that MAD can
also be present in normal hearts has been described and highlights the fact that the role of
MAD in arrhythmogenesis may be in need of further analysis [37,38]. In particular, it is
possible to distinguish two scenarios: the first scenario with “pseudo-MAD” (sited on P2
insertion), in which MAD is detected only in the systole and actually does not exist, it being
formed from the juxtaposition of the belly of the billowing posterior leaflet on the adjacent
left atrial wall, giving the illusion that a disjunction is present, but a normal attachment
of the leaflet can be observed in the diastolic phase. A second scenario is a “true-MAD”,
in which the disjunction can be seen in both the systole and diastole, and it is linked to an
abnormal attachment of the leaflet in the atrial wall. However, how these two entities may
correlate with arrhythmias still needs further study [39].

The other fundamental feature defining the “arrhythmic mitral valve prolapse” is the
presence of fibrosis, traditionally detected in LGE sequences at the level of the inferior wall,
the infero-lateral wall, and papillary muscles in the landmark paper of Basso C et al. [40],
confirmed in several following studies [41,42] (Figure 3). The fact that MVP influences
the ventricular remodeling has recently been confirmed by Costant Dit Beaulfils et al. [43],
showing that replacement myocardial fibrosis was present in 28% of patients with various
degrees of MVP and that it was especially located in the basal inferolateral wall or papillary
muscle. The myocardial fibrosis prevalence was 13% in trace-mild MR, 28% in moderate
MR, and 37% in severe MR, and it was associated with specific features of the mitral valve
apparatus, a more dilated LV, and more frequent ventricular arrhythmias (45% vs. 26%,
p <0.0001) [43]. The study highlights how the presence of fibrosis, associated with mitral
valve apparatus alterations, was finally associated with a more dilated LV, a higher MR
degree, and ventricular arrhythmia—all features that are independent risk factors for
adverse cardiovascular events.

The future holds promising scenarios, and, apart from localized areas of fibrosis
demonstrated on LGE, the presence of interstitial fibrosis evaluated by native T1 mapping
or ECV has also been recently analyzed for better arrhythmic risk stratification [41,44,45].
In this setting, patients with MVP were found to have a higher degree of ventricular
remodeling, going beyond what can be detected in LGE sequences, evidenced by the higher
native T1 relaxation time or higher ECV. Moreover, an ECV > 33% was found to have the
same predictive value regarding out-of-hospital cardiac arrest as LGE [41].



J. Cardiovasc. Dev. Dis. 2022, 9, 399

8of 12

Figure 3. CMR in a patient with MVP. MAD can be clearly diagnosed in an SSFP three-chamber view
in the systole (red lines) (A). The presence of fibrosis on the tip of papillary muscles (red arrow) is
highlighted in LGE (B); finally, higher levels of interstitial fibrosis can be identified by higher levels
of native T1 mapping (C) and ECV after post-contrast T1 mapping (D).

4. What Is the Role of MRI in Secondary Mitral Regurgitation?

Secondary MR is the result of LV dysfunction that can be due to various diseases,
following myocardial infarction most of the time [1]. In this setting, CMR examinations can
provide an accurate assessment of LV dysfunction, highlighting the presence of myocardial
scar/necrosis and the viability of myocardial segments and providing important clues that
are useful in the work-up of dilated cardiomyopathies [4,46]. This is particularly important
for patients who are candidates for surgical revascularization, in which a concomitant
surgical treatment of the MV is also suggested. In a pilot study published in 2009, it was
first highlighted how posterior papillary muscle region scarring severity correlated with
decreased segmental wall motion and a poorer mitral regurgitation correction after coronary
revascularization and annuloplasty, suggesting that routinely assessing scar burden may
help to identify patients for whom annuloplasty alone is insufficient to eliminate mitral
regurgitation [47]. Moreover, it must be noticed that the progression of ischemic mitral
regurgitation was also found to be independently associated with adverse LV remodeling
and infarct size [48].

It is well known that ischemic mitral regurgitation is typically associated with poor
outcomes [1]. In this context, it can be speculated that knowing the viability of the myocar-
dial wall and the possible improvement of myocardial contraction after revascularization
may also lead to an improvement in the degree of the MR. However, to date, no specific
large studies have been published regarding how the use of CMR may influence clinical
management in this specific clinical setting.

Finally, it must be considered that, in recent years, the percutaneous treatment of MR
with the MitraClip™ system has also become more and more available in patients with
secondary MR [1]. Given the fact that the procedure is relatively new, no studies regarding
the use of CMR in the work-up of possible candidates have been published so far [49].
However, in a small series of patients, CMR has been shown to perform very well in the
quantitation of MR after MitraClip™ insertion, with an excellent reproducibility compared
to echocardiographic methods. Moreover, the evidence that MitraClip™ implantation may
be associated with LV reverse remodeling may open the question on the role of CMR tissue
characterization in the screening of possible candidates that can benefit from the procedures
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5. Future Steps

The role of CMR in the setting of MR evaluation is rapidly expanding as a complement
technique to echocardiography to improve the patient’s evaluation. Surely, the novelty of
4D flow, allowing for the quantification of flow and regurgitation in many novel ways, will
be of help in the future. These methods could include particle tracing component analysis,
intra-cavity energetics, retrospective valve tracking to quantify forward and regurgitant
jets, 4D flow-derived parameters, semi-quantitative streamline visualization, and intra-
cavity hemodynamic forces [50,51]. However, the possible role of these methods and their
prognostic relevance still need to be validated.

Moreover, if, on the one hand, it is well known that CMR is the gold reference stan-
dard for evaluating volume and function with the possibility for MR quantification that
conveys information, and it is possible to quantify MR with a clinical outcome benefit
over echocardiography, it must be noted that it still remains unclear which method for
MR quantification is more reliable in clinical practice. Finally, despite the fact that the 4D
flow technique has also shown promising results, future studies are needed to prospec-
tively evaluate the clinical outcome benefit of using 4D flow CMR for MR quantification in
challenging situations.

6. Conclusions

CMR has become a robust and reliable imaging modality, not only for the assessment
of ventricle structure and function but also for the quantification of MR. Growing evidence
shows that CMR could be an accurate complementary method to echocardiography for
grading regurgitation severity. Using comprehensive techniques, CMR allows for an
accurate measurement of valvular regurgitant volume (Rvol) and regurgitant fraction (RF),
independent of jet morphology and direction. Furthermore, due to its unique ability to
assess focal and diffuse LV fibrosis, CMR provides potential information in the clinical
evaluation of MR for planning and deciding on the timing and indication of a specific
therapy or intervention. Accordingly, taking into consideration the potential accurate uses
of CMR in the evaluation of MR, this imaging modality could be useful in the assessment
of the unclear severity of valvular regurgitation measured by echocardiography.
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Abstract

Purpose: To develop a free-running 3D radial whole-heart multiecho GRE framework for cardiac-
and respiratory-motion-resolved fat fraction quantification.

Methods: Multiecho (N1e=8) readouts optimized for water-fat separation and quantification were
integrated within a continuous non-ECG-triggered free-breathing 3D radial GRE acquisition. Motion
resolution was achieved with Pilot Tone (PT) navigation, and extracted cardiac and respiratory signals
were compared to those obtained with self-gating (SG). After XD-GRASP-based image
reconstruction, FF, R2*, and Bo maps, as well as fat and water images were generated with a
maximum-likelihood fitting algorithm. The framework was tested in a custom fat-water phantom and
in 10 healthy volunteers at 1.5T using Nte=4 and Nte=8 echoes. The separated images and maps were
compared with a standard free-breathing ECG-triggered acquisition.

Results: The method was validated in vivo, with respiratory and cardiac motion being resolved
over all collected echoes. Across volunteers, PT provided respiratory and cardiac signals in agreement
(r=0.91 and r=0.72) with self-gating of the first echo, and a higher correlation to the ECG (0.1% of
missed triggers for PT vs 5.9% for SG). The framework enabled pericardial fat imaging and
quantification throughout the cardiac cycle, revealing a decrease in FF at end-systole by 11.4+3.1%
across volunteers (P<0.0001). Motion-resolved end-diastolic 3D FF maps showed good correlation
with ECG-triggered measurements (FF bias of -1.06%). A significant difference in free-running FF
measured with Ntg=4 and Ntg=8 was found (P<0.0001 in sub-cutaneous fat and P<0.01 in pericardial
fat).

Conclusion: Free-running fat fraction mapping was validated at 1.5T, enabling ME-GRE-based fat
quantification with Ntg=8 echoes in 6:15min.
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1. Introduction

MRI-derived proton-density fat fraction (PDFF) is considered a robust and reproducible
noninvasive measure of fat concentration within the MR research community?. Cardiac fat
quantification canaid the diagnosis of pathologies where adipose cells abnormally develop, within fat
depots in dilated cardiomyopathy? or within scar tissue of the infracted myocardium leading to an
increased risk of arrhythmogenic right ventricular cardiopathy®* and sudden cardiac death>®. Fat
fraction (FF) quantification also carries potential to characterize the complex metabolic role of

different adipose tissues in obesity’® and diabetes®*°

, where increased amounts of epicardial,
pericardial and peri-coronary fat alter the cardiovascular disease risk profile'*!2. Nevertheless, cardiac
fat quantification with MRI is seldom performed in clinical settings, where invasive biopsies remain
the standard measurement.

PDFF can be quantified using multi-echo GRE (ME-GRE) MRI sequences that acquire images at
different echo times!®. Multiple echoes are needed to reliably separate the signals in the presence of
Bo magnetic field inhomogeneities, which confounds the detection of fat'4. Dedicated algorithms take
into account effects of Bo>8, T11%20, T2*21  or noise??, and assume a fixed fat spectral model 2725,
Accurate fat quantification requires a sufficient amount of data points to resolve the multiple resonance
peaks of the triglyceride molecule, which lengthens the acquisition time and may limit the clinical
translation of the technique. Because of motion, cardiac PDFF quantifications are typically performed
during breath-holds and with the use of triggering devices such as electrocardiograms (ECG).
Therefore, cardiac PDFF measurements are limited in the number of echoes that can be collected, or
restricted in terms of organ coverage. While free-breathing techniques have enabled whole-heart
water-fat separation at 1.5T?%27) 37?829 and 7T2, they still relied on triggered acquisitions or the
sampling of 4 or fewer echoes, and did not focus on fat quantification. Alternatively, approaches that

31733 or deep learning®* with ME-GRE have shown promising results for fat

combine fingerprinting
quantification with various amount of echoes, but still required breath-holding and ECG-triggering
with restricted organ coverage. To increase the number of echoes to improve spectral resolution in
conjunctionwith scan efficiency, alternative motion management techniques are needed.

Recently introduced free-running concepts using continuous uninterrupted 3D acquisitions enable
whole-heart free-breathing MRI where ECG R-wave time stamps help resolve cardiac motion
retrospectively®®. Free-running sequences have a fixed scan time, improve ease-of-use, and
applications range from anatomical imaging®®=3, to coronary angiography**°, T1 and T2 mapping*!~
4 and flow measurements®. Advances in respiratory motion compensation extended with a
compressed sensing (CS) reconstruction made restrospective cardiac- and respiratory-motion resolved

4647 The addition of Pilot Tone (PT) technology*®*° as an alternative to self-

5D imaging possible
gating (SG) for extracting cardiac and respiratory signals®® permits the sequence-independent
monitoring of physiological motion. This development could be particularly suitable for long or
repeated echo readouts, such as ME-GRE scans, that typically have lower SNR.

To address the challenge of limited organ coverage and restrictions on the number of echoes that
can be acquired, in this work, a 3D ME-GRE free-running approach was developed for fat fraction
quantification. The aim of the study was to combine the strength of motion-resolved cardiac MRI and
advanced fat-water decomposition techniques to perform multi-peak fitting of 3D images of the whole

heart, that are resolved for both cardiac and respiratory motion, without the need for triggering devices

123



nor breath-holds. The proposed framework combines 1) an extension of the free-running acquisition
scheme to higher dimensionality with multiecho sampling, 2) PT technology, 3) a robust CS
reconstruction framework and 4) a state-of-the-art multi-peak fitting routine for fat-water separation
and quantification, with 8 echoes. Phantom and healthy volunteer experiments were performed to test
whether the proposed free-running FF mapping framework can provide 3D motion-resolved
parametric maps of cardiac adipose tissue.

2. Methods

MRI experiments were performed at 1.5T (MAGNETOM Sola, Siemens Healthcare, Erlangen,
Germany) using a 12-channel body array equipped with an integrated PT generator. Volunteers, N=10
(F=5, M=5, age [21;31] y.o., BMI [19.1;24.7]) provided their informed consent and the study was
approved by the local Ethics Committee.

2.1 Data Acquisition, Reconstruction and Post-Processing Framework
2.1.1 Sequence design

A prototype whole-heart 3D radial free-running GRE sequence was modified to incorporate
multiple echo readouts for each radial segment using monopolar (fly-back) readout gradients (Figure
1). The phyllotaxis k-space trajectory consists of sets of radial segments grouped into interleaved
spirals, which are successively rotated by the golden angle®!. The first radial segment of each interleaf

is oriented along the superior-inferior (SI) direction. The multi-echo readout scheme prolongs the time
between two subsequent SI segments of the same echo time TE; (i=1,...,Ntg) within the echo train (see
Supporting Information Table S1). Note that these SI segments are used to perfom self-gating (see
Section 2.1.3). The ECG signal was logged during the scan period.

An ECG-triggered version of above sequence was also acquired, using the same k-space sampling,
with data collection performed only during the diastolic resting phase.

2.1.2 Acquisition parameters

In vitro

A custom fat-water phantom with 14 vials containing different fat concentrations (see Supporting
Information Figure S1 for details on phantom design and a comparison with a Cartesian acquisition
scheme) was scanned with two versions of the proposed protocol with Nte=8 and Ntg=5, to mimic
respectively the free-running and ECG-triggered sequences, and both with two RF excitation angles
0=12° and 0=6°. Sequence parameters included: a pixel bandwidth of 890Hz/px, a field-of-view
(FOV) size of 290mm?, an interecho spacing of ATE=2.05ms, and TE;=1.25ms. The repetition time
was TR=17.02ms in free-running and TR=10.87ms with ECG-triggering.

In vivo

The prototype free-running sequence was designed with an acquisition time (TA) of 6:15min and
isotropic resolution of (2.0mm)? (Table 1). Within this fixed duration 8 echoes (Ntg) with an inter-
echo spacing ATE=2.05ms arecollected with a k-space trajectory of 22 segments per radial interleave.
The ECG-triggered protocol has a matching FOV, spatial resolution, RF excitation angle and receiver
bandwidth, and a similar acquisition time. The ECG-triggered sequence is heart rate-dependent with
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an average scan time of 6:23min. The available time for echo collection is constrained by the cardiac
resting phaseperiod. Therefore, the trajectory was set to 12 segments and 437 interleaves in the
triggered protocol. This enabled the collection of 5 echoes while producing a similar phyllotaxis
pattern as the one used in the free-running protocol (see Supporting Information Figure S2), and a
slightly higher yet close to the Nyquist sampling factor (Table 1).

The proposed free-running sequence induced Specific Absorption Rate (SAR) values ranging from

0.01719 to 0.02197 W/kg in the N=10 volunteers.

MR acquisition Free-Running ECG-triggered
FOV size [mm?3] 220x220x 220 220x220x 200
Spatial resoltion [mm?3] 2.0x2.0x2.0 2.0x2.0x2.0
RF excitation angle [°] 12 12
Receiver bandwidth [Hz/px] 893 893
TR [ms] 17.02 11.04
Nre 8 5
TE1 / ATE 1.25/2.05 1.25/2.05
TA [min:s] 6:15 [5:58; 6:64]
Nsegments X Ninterleaves 22 x 1000 12 x 437
Nyquist sampling factor [%] 5.6 6.4

Table 1. MR sequence parameters for the free-running and ECG-triggered ME-GRE acquisitions. Sequence
parameters were chosen to maximize data collection within a scan time of 6 minutes, with matching echo times (TE) and
inter-echo spacing ATE for the free-running and ECG-triggered acquisitions. The Nyquist sampling factor corresponds to
the ratio between the k-space lines within one motion bin and the total amount of lines required for a fully-sampled
reconstruction, expressed in %.

2.1.3 Physiological signals extraction

The coil-integrated PT generator emits a continuous-wave RF signal that is modulated by
physiological motion. The PT navigator functions at a frequency outside of the MR band (62 MHz),
hence not disturbing image acquisition. The PT data was used to compute one-dimensional respiratory
and cardiac signals using principal component analysis (Figure 1), which were then used to bin the
raw imaging data into 2 respiratory and 10-11 cardiac motion states. Respiratory motion was adressed

by selecting the radial views in the bin corresponding to end-expiration (around 40%, as was done
previously>?). Compared to previously published single-echo free-running reconstructions 394750, the
proposed multiecho framework uses a lower temporal resolution (90ms per cardiac bin) in order to
guarantee an acceptable undersampling factor (Table 1) for CS reconstruction, as well as sufficient
SNR towards the end of the long echo train.
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Figure 1. Acquisition, reconstruction and post-processing framework. a. The free-running multiecho GRE acquisition
uses a 3D radial phyllotaxis trajectory, where each k-space line is repeated Nte times with fly-back gradients. During the
whole duration of the uninterrupted data acquisition, the coil-integrated Pilot Tone navigator registers signals at a 2kHz
sampling rate, which are modulated by physiological motion. b. Acquired signals are used to bin the MR data into cardiac
and respiratory motion states. The XD-GRASP algorithm reconstructs the highly undersampled k-space data into 6-
dimensional imaging volume. c. The signal pattern formed along the echo dimension is fed to a fat-water decomposition
algorithm, along with a reference fat spectrum, to produce separated fat and water images, as well as fat fraction (FF),
water fraction (WF) and main field deviation (Bo) maps.

2.1.4 Motion-resolved image reconstruction

The acquired k-space data were sorted into 6D (x-y-z-cardiac-respiratory-echo) according to the
cardiac and respiratory motion states and echo number. The first 220 radial segments (corresponding
to 10 interleaves and 15 of the total acquisition) were discarded from the reocnstruction to eliminate
potential transient magnetization effects. The highly undersampled motion-resolved datasets were
reconstructed using XD-GRASP#°3 and the alternating method of multipliers (ADMM)>.
Regularization using total variation®® was applied spatially, as well as along the respiratory-resolved
and cardiac-resolved dimensions. No regularization was applied along the echo dimension, so that the
contrast variations between fat and water signals remain unaltered. The same regularization weights,
chosen to maintain a good trade-off between visual image quality and motion compression artifacts,
were used for all 6D reconstructions (see Supporting Information Figure S3).
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All 6D reconstructions were performed using MatLab R2018b (The Mathworks, Inc., Natick,
Massachusetts, United States) on a workstation equipped with 2 Intel Xeon CPUs (Intel, Santa Clara,
California, United States), 5S12GB of RAM, and a NVIDIA Tesla GPU (Nvidia, Santa Clara,
California, United States). Reconstruction time was recorded using a built-in MatLab clock.

Respiratory-motion-resolved image reconstruction of the ECG-triggered acquisitions was
performed using the same XD-GRASP algorithm described above. The regularization weights along
the spatial and respiratory-resolved dimensions were matched to that used for free-running
reconstructions.

2.1.5 Fat-water separation and quantitative parameters (FF, By, R2*) estimation

The reconstructed 6D datasets were post-processed to compute fat- and water-only 5D (x-y-z-
cardiac-respiratory) images as well as parametric maps (FF, R2*, Bo) with an iterative graph cut
algorithm for fat-water separation'®>>, part of the ISMRM 2012 Fat/Water Toolbox°®. The algorithm
estimates the By field map and computes water and fat fraction maps through fitting of a multi-peak

fat model with a single T2* decay component, using a reference 6-peak fat spectrum?*°°. Parameters
for the fitting algorithm were tuned based on phantom experiments and included: a range of [0;100]Hz
for R2* estimation, a range of [-400;400]Hz for the Bo map values, a number n=40 graph cut iterations,
and a regularization parameter A=0.05. A spatial subsampling with factor R=2 was used to accelerate
the estimation of the Bo map.

2.2 Analysis
2.2.1 Comparison of Pilot Tone and Self-Gating for ME-GRE

Physiological signal extraction using PT was compared to a self-gating approach. SG uses principal
component analysis on the repeated SI projections that encode motion information. Because 8
subsequent SI projections are acquired, the effect of the choice of SI projection for SG of multiecho
acquisitions was tested in all volunteers by performing the SG signal extraction from the eight sets of
SI projections (labelled SG TE;, i=1,...,8) and comparing it to signals extracted from PT and the
reference ECG trace. A correlation analysis using Pearson’s coefficient » was performed to determine

which SG TE; source provides the closest match to PT signals in both respiratory and cardiac
dimensions, as well as to determine the variability between the different sources. The influence on the
binning into motion states was determined by computing a percentage of binning difference to PT.
This metric corresponds to the ratio of k-space segments placed into a different motion bin than the
one selected using the PT signal, over the total number of segments. Additionally, a visual comparison
was performed on the reconstructed images.

Because SG signals are derived from 3D radial imaging data, they may contain trajectory-made
frequency components that are non-physiological and require filtering®’ (see Supporting Information
Figure S4). To determine the amount of trajectory-dependent information embedded within the SG
cardiac signals extracted from each TE, a metric of spectral power removal was used. Spectral power
removal corresponds to the percentage of spectral density power removed from the original frequency
spectrum after the trajectory-dependent frequency component filtering?’. This metric informs on the
impact of gradient delays and eddy currents on the recorded signal, and therefore could help for the
choice of TE for SG signal extraction, as an alternative to PT.

127



In addition, cardiac signals extracted from all sources (SG TE; and PT) were compared to the ECG
trace recorded during the MRI scan. The mean durations of the cardiac cycle were compared to those
measured by the ECG. The number of trigger points throughout the whole free-running acquisition
was reported for the ECG and the other sources, and the percentage of missed triggers (w.r.t. ECG
triggers) was computed. Moreover, the trigger jitter, i.e. the standard deviation of the difference
between the time stamps of the ECG triggers and that of each source, was measured. This last metric
informs about the accuracy of cardiac cycle length estimation, as the trigger points of each source are
not matched with the ECG trigger time: PT triggering is performed on the local minima of the extracted
cardiac signal, while SG triggering is performed on the zero-crossing point of the signal (Figure 4b).
Therefore, the trigger jitter measures a deviation across trigger delays, across pairs of associated trigger
points between the ECG and each evaluated source.

2.2.2 Parametric mapping analysis

To analyze the FF maps, regions of interest (ROIs) were drawn in pericardial fat, and sub-
cutaneousfat for a static reference. ROIs were drawn based on the visual assessment of the fat-only
images. For each tissue type, two ROIs were drawn, in both free-running and ECG-triggered data. The
average and standard deviation of the FF was computed across cardiac motion states, at expiration.
The FF from triggered datasets were compared to those from the diastolic resting phase in the free-
running data by linear regression and Bland-Altman analyses.

2.2.3 Impact of echo train length

To test the impact of echo train length on fat quantification, free-running data were undersampled
in the echo dimension by selecting only the first four echoes (from TE; = 1.25 ms to TE4=7.40 ms).
The FF maps obtained with Ntg = 4 were compared to those obtained with Ntg = 8. The average FF
over 10 end-diastolic, expiratory slices in two ROIs in sub-cutaneous fat and two ROIs in pericardial
fat were computed. Paired parametric t-tests (GraphPad Prism, version 8.0.2 for Windows, GraphPad
Software, San Diego, California, United States) were performed in each tissue to determine statistically
significant differences.

2.2.4 Impact T1 bias
Due to the shorter T1 relaxation time of fat compared to water-based tissues, the fat signal measured
with GRE imaging is amplified by a factor k which is dependent on the RF excitation angle!®?2, When

defining the true fat fraction as FFu..=F/(W+F) where F and W are the respective amplitudes of fat
and water signals, the measured fat fraction FFueasuea deviates from FFuue so that
FFmeasured=KF/(W+KF). To evaluate the impact of T1 bias, numerical simulations of the Bloch equations
(MatLab 2021a, MathWorks, Natick, MA, USA) and phantom experiments were performed. The
signal evolution of myocardial and fat tissues was simulated for both the free-running (TR=17.02ms)
and the ECG-triggered (TR=11.04ms) sequences, for a range of RF excitation angles a€[1 ;25]°. The
relaxation times were T1=996ms and T2=47ms for myocardium®’, and T1=343ms and T2=58ms for
sub-cutaneous fat at 1.5T°8, For the simulation of the ECG-triggered sequence, a cardiac cycle length
of 900ms was assumed. The measured fraction FFneasured Was plotted as a function of the true fraction
FF e for the choice of RF excitation angle a=12° used in volunteer experiments.
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In phantom experiments, the same fat-water separation post-processing was performed as described
in volunteer experiments. The average and standard deviation of the FF in the phantom vials was
measured across 15 slices and compared to reference values quantified with MR spectroscopy (MRS)
performed at 9.4T in each vial. Following the methodology of Yang et al.?°, a T1 bias correction was
performed using T1 estimates (T1fat=340ms and T1water=1350ms measured with inversion recovery
turbo-spin-echo MRI®*®) on the separated fat-water images, and corrected FF values were also
calculated and compared with MRS.

In volunteers, T1 bias correction was performed in order to adequately compare the free-running
and ECG-triggered FF maps: for each sequence type, the bias estimated from the simulation
experiments described above was used.

3. Results

3.1 Numerical Simulations & Phantom Experiments
3.1.1 Numerical Simulations

A fat signal amplification factor of k=1.5854 was found for an RF excitation angle of 12° (Figure
2ab, dashed curves). For the ECG-triggered sequence, this factor was k=1.1610 (Figure 2ab, plain
curves). This translated into different correction curves for the free-running and ECG-triggered
sequences, where the largest deviation from the true fraction was measured at 11.4% for FFuu.=44.3%
with the free-running sequence, and FF,.=48.1% with a deviation of 3.8% (Figure 2b).
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Figure 2. Impact of T1 bias in numerical simulations and in a phantom with controlled fat fractions. Using Bloch
simulations, simulated fat and myocardium signals are plotted for different RF excitation angles in a free-running and in
an ECG-triggered sequence (a). The blue dotted line indicates the expected signal amplitudes in the current study when
using an RF excitation angle a=12°. In panel (b), the measured FF obtained with a=12° is plotted as a function of the true
FF, for the free-running and ECG-triggered sequences. In phantom experiments, the average FF measured in maps obtained
with free-running (c¢) and ECG-triggered (d) sequences, with RF excitation angles a=12° (blue), a=6° (green), is shown as
a function of ground truth FF measured with MRS. T1bias-corrected values from the a=12° protocols are shown in orange
on the graphs (¢, d). Although the reduced flip angle approach reduced the bias of T1 to a certain degree, the correction
based on T1 estimates completely eliminated it.
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3.1.2 Phantom experiments

Both the free-running and ECG-triggered protocols demonstrated large deviations due to T1 bias.
Even with a reduced flip angle approach (0=6°) the bias was not completely eliminated (Figure 2cd).
After correction of T1 bias with known estimates of T1, the regression analysis with respect to the
MRS controlled FF produced a line described by y=1.02x-0.67 (r*=0.995) for the free-running protocol
and y=0.99x+1.73 (r’=0.998) for the ECG-triggered protocol.

3.2 Motion-Resolved Multi-Echo Image Reconstruction

PT navigation successfully extracted both cardiac and respiratory motion in all 10 healthy
volunteers, allowing the echo-specific visualization of motion frames corresponding to the expiration
phase of the respiratory cycle, and the end-diastolic phase of the cardiac cycle (Figure 3, Supporting
Information S3). The mean cardiac cycle length was between [745;1037] ms, which correlated with
the ECG derived cycle length [742;1035] ms, with a Pearson correlation coefficient of »=0.931
(Supporting Information Figure S5). The 10 (11 bins for volunteer V6 who had the longest mean
cardiac cycle) cardiac bins had a bin length between [74.5;102.5] ms, with an average bin length of
90.7 ms across volunteers.

The average and standard deviation of the XD-GRASP reconstruction time for the 10 6D free-
running datasets was ShO5min+1h10min (on the workstation described in 2.1.4.). For the 10 5D ECG-
triggered datasets, the average and standard deviation of the reconstruction time on the same
workstation was 26min+4min.

a | FREE-RUNNING | | TRIGGERED | b | FREE-RUNNING | | TRIGGERED |

regridded XD-GRASP-ADMM

XD-GRASP-ADMM
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Figure 3. Multi-echo compressed sensing reconstruction with XD-GRASP-ADMM. The effect of XD-GRASP on the
different contrast images (at echo times TEi1, TE4 and TEs) collected with the PT free-running ME-GRE acquisition is
shown in (a) the coronal plane in healthy volunteer V6 and (b) the sagittal plane on healthy volunteer V7. The framework
allows recovering of the anatomy absent from the highly undersampled regridded data (5.6% Nyquist), whilst preserving
the contrast change needed for chemical species separation. In comparison, the ECG-triggered 5-echo acquisition (6.4%
Nyquist) reconstructed with the same framework displays a slightly higher visual sharpness (b, yellow arrows), but is
noisier than the free-running images. The ECG-triggered image at TE4 shows some signal loss and blurriness in the liver
that is less visible in the PT free-running data (a, blue arrows).
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The free-running XD-GRASP images were in visual agreement with the reference ECG-triggered
images obtained at the diastolic resting phase in terms of anatomy (Figure 3), and showed for each TE
anatomical features that cannot be recovered from heavily undersampled data without CS (Figure 3,
regridded images). In addition to a signal loss along the echo dimension, additional blurriness at organ
interfaces (heart-liver, lung-liver) was also observed at TEg, compared to TE; and TE4. Despite a larger
amount of k-space data used for each 3D volume reconstructed from the triggered acquisition (6.4%
Nyquist against 5.6% for free-running) and the use of the same respiratory motion correction based on
PT, signal losses outside the heart were observed in triggered images that were much attenuated in
free-running images (Figure 3).

3.3 Comparison of Pilot-Tone and Self-Gating for ME-GRE

For respiratory motion, signals extracted from the different SG sources showed good consistency
across echoes, with an average Pearson correlation to PT r>0.93 across volunteers(Table 2). As
illustrated in volunteer V1, the SG respiratory signals from the first two and the last two recorded
echoes (i.e. TE1, TE2, TE7 and TE3g) showed good agreement with the PT signal, despite a smaller
peak-to-peak amplitude reported for PT over the two respiratory cycles displayed (Figure 4a). Higher
correlation was found across the volunteers for the first two echoes (Table 2). Only the selection of
TEzs as a source tends to increase the deviation from PT binning (18.6% compared to around 11% for
other sources).

For cardiac motion, variability was observed in the main detected frequency fcarp when a different
TE source is used, for example in volunteer V1: a main cardiac frequency fcarp=1.03Hz was extracted
from SG TE and TE», while fcarp=0.75Hz was reported with SG TE7 (Figure 4b). For reference, the
ECG recording of volunteer V1 yielded a mean cardiac cycle length of 1005 ms (Supporting
Information Figure S5), corresponding to a main cardiac frequency of fcarp=1.00Hz. This difference
can be seen where selected signals are plotted over a dozen cardiac cycles (Figure 4b). Overall, the
correlation to PT was poorer for cardiac than respiratory signals, with the best correlation at 7=0.72
achieved with SG TE, and the weakest correlation at 7/=0.36 with SG TE7 across volunteers (Table
2). It is worth noting that large standard deviations were observed across volunteers for this metric.

In volunteer V1, despite an average cardiac frequency detected close to that of SG TE; and SG TE,
SG TEg showed poorer correlation (»=0.651) to PT as well as to the reference ECG trace, with more
missed cardiac triggers and a larger deviation of the estimated cycle.

The percentage of spectral power removal decreased with increasing source echo time (Table 2).
With SG TE; as source, an average of 92% of frequency components were identified as trajectory-
dependent and thus filtered out. However using the next echo TE: as source, this number dropped to
60%. A steady reduction was seen with the use of successive TEs, with the lowest number reported
for TE;. However, no particular trend across echoes was observed in the percentage of binning
difference with respect to PT-based binning (Table 2).

The trigger points from the PT cardiac signals had the best match to ECG triggers, with a trigger
jitter of (23+£14)ms across volunteers and 0.1% of missed triggers (Table 2). SG TE7 had the largest
deviation from both the PT source and the ECG signal across volunteers, with an average trigger jitter
as large as (118+£102)ms.
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Pearson’s r Pearson’s r o b o b
% spectral correlation to correlation to % binning % binning
difference to PT | difference to PT | % missed ECG ECG trigger
source power PT PT . -
- - triggers jitter [ms]
removed — B irato cardiac
respiratory cardiac respiratory
SG TE, 9215 0.96+0.01 0.72+0.32 1249 15+4 59+t4.4 69 122
SGTE, 60+ 13 0.96 £ 0.03 0.51+0.24 1212 14+4 6.81+9.6 87124
SG TE; 58 + 10 0.94 +0.06 0.54+0.31 12+2 13+ 9.0+12.8 132+92
SG TE, 32+11 0.93+0.10 0.66 +0.26 11+2 12+4 5.4+85 68 +22
SG TEs 307 0.92+0.11 0.52 +£0.32 12+2 13+ 10.8+14.1 65t 26
SG TE, 29+7 0.92+0.11 0.60+0.29 1131 13+ 6.9+9.5 57+16
SG TE, 2119 0.92+0.11 0.36+0.31 11+2 13+4 13.9+145 118 £+ 102
SG TEg 28+6 0.9110.12 0.56 +0.30 19+3 13+3 8.5+14.0 85155
Pilot Tone 0 1 1 0 0 0.1+0.1 23t14

Table 2. Comparison of PT-based and SG-based physiological signal extraction parameters in volunteers. The
number of SI readouts is repeated by the number of acquired echoes (NtE), which was 8. The cardiac and respiratory signals
reconstructed from the 8 different SG and one PT sources are compared by quantification of the following metrics:
percentage of spectral power filtered out due to trajectory dependencies (see Supporting Information Figure S4), Pearson
correlation coefficient w.r.t. PT, percentage of difference in binning w.r.t. PT, percentage of missed trigger points w.r.t.
the reference ECG, and ECG trigger jitter. All reported metrics are given as a mean and standard deviation.

No differences in the respiratory positions of the chest could be observed, indicating similarity in
respiratory signals used for binningDespite the higher variability in cardiac motion characteristics
(Table 2), the effect on reconstructed images was minor, but visible in the water-only images identified
at end-systole and at mid-diastole for SG TEi, SG TE7 and PT (Figure 4c). All three sets of images
displayed overall good visual agreement and homogenous fat suppression in both the chest and the
heart. However, closer inspection of the region containing the right coronary artery (RCA) showed
that the images binned based on SG TE7 signals were blurrier, with a slight loss of contrast in the RCA
at diastole.

3.4 Water-Fat Separation and Parametric Mapping

The average post-processing time was 2h43min+7min. For triggered acquisitions, the average
computing time was 14min37s+18s.

Water-fat separation with graph cut was successful in all volunteers, without water-fat swaps or
motion ghost artifacts. In the FF maps, as well as water fraction (WF) maps (Figure 5), no
displacement of the expected static (chest, spine) regions was seen, nor ghosting, indicating that
respiratory motion compensation was achieved and that cardiac motion compensation did not interfere
with organs and tissue in the periphery of the field of view. The displacement of the fatty regions of
the heart was clearly observed (Figure 6, animated GIF in Supporting Information Video S1).

Despite the lack of blood-to-myocardium contrast inherent to GRE imaging, the water-only images
provided good visualization of cardiac anatomy, with complete absence of fatty tissue, enabling the
visualization of the RCA(Figure 5a, top and Figure 6c¢). In the corresponding fat-only images (Figure
Sa, bottom and Figure 6d), 3D visualization of the pericardial fat was possible, particularly in coronal
orientation around the right atrium and left ventricle. Sub-cutaneous fat-based tissues appeared brighter
than cardiac fat tissues; such differences are more apparent in the co-registered quantitative FF and
WF maps displayed with a color gradient (Figure 5b).
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Figure 4. Comparison of PT-based and SG-based physiological signal extraction in V1 and effect on water-only
images. (a) Respiratory curves over a 12s time interval for healthy volunteer V1, obtained from PT data and from the SI
projections of respective echo times TE1, TE2, TE7 and TEs. (b) Corresponding cardiac signals over the same time interval.
While the SG signals from the first two echoes show good correlation with PT, the signals from SG TE7 and SG TEs present
an offset w.r.t. PT. SG and PT trigger points extracted from each source are shown on the lower line, alongside with the
ECG triggers for reference. ECG trigger points correspond to the R-wave, SG trigger points correspond to the zero-crossing
(dotted line) of the extracted SG signal, and PT trigger points correspond to the local minima of the extracted PT signal.
(c¢) Transverse mid-systolic and late-diastolic water-only images obtained from the proposed free-running sequence using
the SG signals extracted from TE: (left), TE7 (middle) and using PT signals (right). For both cardiac phases, images from
all three physiological signal source are in good visual agreement. Close-ups of the regions containing the right coronary
artery (RCA) show no difference between SG TE1 and PT, but loss of contrast and additional blur at SG TE-.
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Figure 5. Water-fat separation and quantification obtained with the proposed framework. On panel (a), water-only
and fat-only images of healthy volunteer V1 are shown, as obtained after post-processing reconstructed 6D imaging
volumes with a maximum-likelihood graph cut fitting algorithm. On panel (b), the corresponding parametric maps of water
fraction and fat fraction are displayed. Slice position with respect to the three traditional MRI views (transversal, coronal
and sagittal) is indicated on panel (a) by the colored lines.

In addition to fat-water images and maps, the proposed framework produced cardiac and respiratory
motion-resolved 3D maps of R2* (Figure 6¢, Supporting Information Video S1c) and By (Figure
6f, Supporting Information Video S1f). R2* values measured in the myocardium were within the
expected range for healthy subjects (R2*<50Hz i.e. T2*>20ms). Elevated values (R2*>70Hz) were
detected at the interfaces with the liver and the lungs. Compared to the FF and WF maps, the R2* maps
displayed a higher standard deviation across the heart, with a more granular aspect, making cardiac
motion slightly less obvious to visualize. The Bo maps showed good field homogeneity in the heart,
without variations across the cardiac cycle. Off-resonance deviations were observed outside the heart,
with deviations up to 100Hz seen in the liver. Changes in Boacross the cardiac bins were only observed
within air-filled regions (lungs and FOV periphery).
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Figure 6. Respiratory and cardiac motion-resolved parametric maps in healthy volunteer V3: (a) fat fraction, (b)
water fraction, (¢) R2* and (f) Bo, and separated fat-only (d) and water-only (e) images (see Supporting Information
S1 for the animation). Transversal, coronal and sagittal views of the heart at end-expiration are displayed in panels (a),
(b), (e), (d) and (f), while panel (c) displays a different set of slices, selected to highlight the myocardium delineation in
the R2* maps. The animation presented in Supporting Information Video S1 loops through the cardiac cycle.

134



Measurements in the sub-cutaneous fat were not affected by the motion binning, with constant FF
measured across the cardiac cycle in all volunteers (Figure 7a). However, the FF measured in the
pericardial fat varied across bins. A consistent pattern was found in all subjects, although to a different
extent, with reduced fat content at end-systole compared to mid-diastole (45.7+£8.3% against
59.1+14.9% in V4, 59.0+16.5% against 66.0+10.0% in V10 after T1 bias correction). The average
decrease in FF observed during end-systole across volunteers was 11.443.1% after T1 bias correction,
from the FF measured at mid-diastole. Inspection of the corresponding Bo maps (Figure 7¢) revealed
no deviations from one cardiac bin to the next, thus excluding By inhomogeneities as cause of the
observed variations in the fat fraction measurements. In all subjects, higher standard deviations were
reported in the pericardial fat ROIs than in the sub-cutaneous fat. The average FF measured in the
ECG-triggered images was elevated with respect to the free-running diastolic images in 6 out of 10
volunteers (Figure 7a). A Bland-Altman analysis showed a bias of -1.06% between the average
pericardial FF measured in the free running maps identified as diastolic and the ECG-triggered maps,
with 95% limits of agreement at [-8.70;6.58]% (Supporting Information Figure S6). Smaller
standard deviations were also observed in the ECG-triggered FF maps, compared to the free-running
ones. Visually, the ECG triggered FF map (Figure 7b, left-most image) had an apparent sharper
delineation of the pericardial fatty tissue, where the free-running maps showed fatty regions spread
over larger areas.
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Figure 7. Fat quantification throughout the cardiac cycle, after T1 bias correction. The proposed ME-GRE free-
running framework allows quantitative visualization and measurement of cardiac fat content at each phase of the cardiac
cycle. (a) Average fat fraction and standard deviation measured in ROIs placed within two tissue types: sub-cutaneous fat
and pericardial fat, at expiration. TR-adjusted T1 bias correction based on T1 estimates was performed in accordance to
the level of bias in the free-running and triggered sequence. In the free-running images, fat fraction was measured in each
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of the 10 (resp. 11 for volunteer V6) cardiac phases that were re-ordered to place end-diastole at the start (cardiac bin 1).
Diastolic resting phase in the free-running images is identified with the white horizontal striped pattern. The matching
ROIs reference measurements in ECG-triggered datasets (corresponding to diastolic resting phase) are shown in red borders
on the left-hand side of each sub bar plot, with the label “trig”. (b) Transversal cardiac FF maps of healthy volunteer V3,
at each cardiac bin as labelled in panel (a). The displacement of pericardial fatty regions can be followed throughout the
cycle. The corresponding slice of the FF map obtained with the 5-echo ECG-triggered protocol is shown on the left, with
red borders. (¢) Corresponding Bo maps, which show deviations from the main magnetic field due to system-level
imperfections and susceptibility effects. Bo mapping constitutes an important step of fat quantification techniques with
ME-GRE, as the off-resonance caused by the presence of fat has to be decoupled from other sources of off-resonance to
be quantified accurately. The corresponding slice of the Bo map obtained with the 5-echo ECG-triggered protocol is shown
on the left, with red borders.

Although the free-running FF maps obtained from processing the first 4 TEs were in visual
agreement with their 8 TEs counterparts (Figure 8a), a paired t-test performed in both sub-cutaneous
and pericardial fat ROIs revealed a significant difference in the average estimated fat fraction (Figure
8c) when Nrg is reduced. Strong significance was found in the sub-cutaneous fat (P<0.0001), where
fat fraction was consistently estimated at a lower value with Ntg=4 than Ntg=8. The paired t-test
performed in pericardial fat yielded a p-value of P=0.084. The influence of a reduced Ntg on R2*
quantification was directly discernible from the reconstructed maps (Figure 8b). Under-sampling in
the echo dimension resulted in noisy maps, disrupting the visualization of anatomy such as
myocardium delineation that was present in the fully-sampled maps.
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Figure 8. Influence of N1k on fat quantification. (a) 3D fat fraction maps obtained with the proposed ME-GRE free-
running framework, using 8 (top) and 4 (bottom) echoes for chemical species separation and quantification, in volunteer
V2. Perfect visual agreement between both sets of images can be observed. (b) 3D R2* maps obtained with the proposed
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ME-GRE free-running framework, using 8 (top) and 4 (bottom) echoes involunteer V2. If a basic delineation of the
myocardium muscle is visible in all three orientations with 8 TEs, the undersampled R2* maps lose this sighting due to
high granularity. (¢) Average fat fraction in sub-cutaneous and pericardial fat ROIs measured inl10 selected slices, for
allvolunteers. The same ROIs were used in both fully sampled (8 TEs) and undersampled (4 TEs) maps. A paired parametric
t-test reveals a highly significant difference (P<0.0001) in sub-cutaneousfat measurements, with a consistent
underestimation of the fat content measured with Nte = 4 between volunteers. In pericardial fat, the influence of Nte on
fat quantification was also detected, but at a lower level of significance (P<0.01).

4. Discussion

This study demonstrates the feasibility of free-running whole-heart ME-GRE based fat fraction
mapping using retrospective motion resolutionbased on PT signals and XD-GRASP. The free-running
FF mapping approach with PT permits the collection of an unlimited number of echoes, thus
theoretically benefiting mapping accuracy. In the current proof-of-concept study, Nte=8 echoes were
acquired in a relatively short scan time (6:15min) for 3D whole-heart coverage, while only Ntg 5
echoes of the same echo train could be acquired in a corresponding ECG-triggered acquisition with
similar TA. Signal decay as a result of T2* relaxation provides the only limitation on the number of
echoes that can be acquired with the proposed free-running ME-GRE framework.

Physiological cardiac motion signals extracted from PT showed an improved correlation with the
reference ECG trace compared with the SG signals, confirming prior findings®®. PT navigation
strategies have several advantages compared to SG strategies. First, PT navigation provides a constant
and higher sampling frequency (2kHz) compared with SG, and secondly, PTsignals are insensitive to
the underlying trajectory, unlike SG signals which require a correction for trajectory-dependent signal
modulation®’. The last advantage is that scan time could be further shortened by removal of the SI
projections. In the current sequence design, the frequency of SI readouts decreases with increasing
number of echoes, which affects the temporal resolution of SG. The SG sampling frequency was
2.67Hz, which may hinder cardiac rhythm detection. Although it was not observed to be a limitation
in the current healthy volunteer studys, it is a potential hurdle for signal extraction in patient populations
with abnormal or altered cardiac rhythm. In such cases, PT would remove the need for signal
extrapolation otherwise required with SG. Furthermore, the analysis of SG signals extracted from
multiple echoes demonstrated that the frequency components extracted from certain echoes, in
particular towards the end of the echo train where SNR is decreased, do not accurately depict true
cardiac rhythm and therefore introduce motion blurring in the images. Nevertheless, despite
differences in cardiac signals from the PT and SG sources, the effect on image quality at the end of the
water-fat separation was minor at (2mm)’ spatial resolution. Based on these findings, PT navigation
may especially benefit quantification methods where 12 or more echoes are required, such as T2* or
complex fat models. Alternative PT-like methods such as Beat-PT® have shown promising results for
accurate triggering and could be considered to further improve the cardiac signal extraction. Otherwise,
self-gating extraction techniques based on k-space center information could be considered as a way to
increase the frequency of motion sampling384142:61,

The use of XD-GRASP in the present study allowed to recover anatomy that is otherwise barely
distinguishable with a simple regridded reconstruction of the heavily undersampled ME-GRE radial
data. The reconstruction framework also maintained the contrast changes expected from one echo to
another in ME-GRE, and images were in agreement with the reference ECG-triggered ones. While
other free-running studies make use of bSSFP readouts and report strong aliasing due to bright adipose
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tissue in non-fat suppressed highly accelerated scans®, our reconstructed ME-GRE images did not
exhibit such artifacts. The current sequence design did not allow for undersampling in the echo
dimension, as was done previously®?, where each subsequent echo had a different trajectory. This
approach, as well as rosette-like trajectories®® where the acquisition of multiple “petals™ can essentially
be seen as a multiecho scan, could be exploited in the future to reduce scan time.

The free-running ME-GRE framework enabled quantitative fat measurements across the cardiac
cycle, and in the current volunteer study, a variable FF pattern was consistently observed as a function
of time, indicating an heterogenity of the pericardial fatty tissue. This result suggests that motion-
averaged or frozen-motion (i.e. triggered) visualizations might only allow for partial or incomplete
tissue characterization, a finding that can be linked to similar reports on the effect of respiratory motion
on R2* quantification in the liver®#®°, It remains to be determined whether the observed variation is
physiological, or whether ROI drawing on (2mm)? spatial resolution maps might have affected the
results. Because no By variations were detected in the heart across the cardiac phases, the observation
is not related to Bo main magnetic field. The Bo maps produced by the framework mainly serve to
separate water and fat, but could have the potential to detect and correct errors or artifacts in images
acquired during the same CMR exam that are senitive to off-resonance®®. Despite the visual agreement
between FF maps obtained with 4 and 8 echoes, significant differences in FF in both static and moving
tissues suggest that higher echo sampling benefits mapping accuracy. This is further corroborated by
the difference in sub-cutaneous fat FF measurements between the 5-echo ECG-triggered acquisition
and the 8-echo free-running acquisition, even after TR-adjusted correction from T1 bias. If a reduced
flip angle approacg is commonly used for T1 bias reduction, the phantom results of the present work
suggest that an a posteriori correction based on T1 estimates, while requiring extra information, might
be better suited for the proposed framework, as it would allow to maintain higher SNR, following the
conclusions of Yang et al.?°. T1 bias could be circumvented with the use of emerging FF quantification
methods which employ different ways to encode off-resonance®’, but are not applicable to ME-GRE
data.

While the same reference fat spectral model was used throughout all the experiments in this study®®,
the sampling of Ntg=8 echoes would allow to test different models, including ones with various
amounts of peaks (theoretically up to Nte-2=6 peaks'®?3) or ones based on cardiac fatty tissue. Future
investigations could therefore include the use of self-calibrated spectra, as reported by several
studies?>®8, Although not explored in the current study, the R2* quantification and the resulting R2*
map suggest that a delineation of the myocardial muscle is possible. The current framework could
therefore be used for the simultaneous assessment of myocardial iron overload®’°, by extending it to
bi-exponential relaxation models for a refined estimation’%72,

Although the water-fat quantification methods (T2*-IDEAL, graph cuts algorithm) have been

validated thoroughly in phantoms?473

, a ground truth measurement for pericardial FF could not be
performed in this volunteer study. Besides invasive biopsies and PDFF measured with MRS, which
are focal measures, there currently exists no noninvasive reference measurement for whole-heart FF
in vivo.

To maintain a reasonable scan time, the data was heavily undersampled and therefore the binning
limited to 10-11 cardiac and 2 respiratory phases. This limitation could potentially be overcome by
performing motion correction in the respiratory domain’4. Subsequently, this would allow for a cardiac

motion-resolved reconstruction with an increased number of cardiac bins’®. Furthermore, the addition
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of motion fields within the reconstruction may provide improved image sharpness and visualization of
cardiac fat?®. The use of a motion-consistent approach based on clustering could also be integrated in
this type of golden-angle acquisition”®.

An additional challenge is the absence of large volumes of fat tissue in our volunteers, which at
(2.0mm)? resolution restricts the number of voxels available for quantitative and statistical analysis, as
well as renders segmentation more difficult. Future work in patients (displaying wider ranges of FF)
would allow for a comparison with invasive biopsies, and may help determine whether the proposed
framework, at increased spatial resolution, allows for a distinction of epicardial vs. pericardial fat, as
changes of that have been associated with the presence of coronary artery disease’”-’® .

By incorporating an additional echo dimension within the free-running framework, the present
study constitutes a preliminary step towards easier access to whole-heart fat quantification, while the
presence of cardiac fat as an imaging biomarker undergoes early stage validation.

5. Conclusion

In this study, an MRI framework incorporating a free-running ME-GRE sequence, integrated PT
navigation, a robust CS reconstruction and a multi-peak fat fraction mapping routine was proposed for
whole-heart water-fat separation and quantification. The framework combines ease-of-use, robustness
to motion and whole-organ fat quantification without compromising on the number of echoes to be
collected, in a relatively short scan time (6:15min).
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Synopsis

A free-running multi-echo GRE approach was proposed for whole-heart fat quantification.
Retrospective extraction of cardiac and respiratory motion states was achieved using integrated Pilot
Tone navigation, enabling a free-breathing non-ECG-triggered acquisition. Following a motion-
resolved compressed sensing based image reconstruction of the separate echoes, fat fraction, water
fraction, R* and B maps, as well as separated fat and water images, were calculated. Free-running
acquisition parameters were optimized in a fat phantom. Volunteer experiments demonstrated the
feasibility of motion-resolved free-running fat-fraction mapping technique in a 6-minute scan time.

Introduction

Noninvasive methods for cardiac fat quantification may aid diagnosis in patients suffering from
myocardial fat infiltration'?, dilated cardiomyopathy®* and help characterize the role of intra-
myocardial fat in obesity and diabetes™S. Gold-standard fat-fraction (FF) maps are currently obtained
using multi-echo gradient echo (ME-GRE) acquisitions followed by maximum-likelihood fitting’-'°.
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Accurate quantification exploits multi-peak fat models'"!? (Npeaks>6), which can theoretically only be
resolved with a minimum number of Nte=Npeakst2 acquired echoes®!. In cardiac MRI, respiratory
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Figure 1. Prototype acquisition, reconstruction and post-processing framework. The uninterrupted whole-heart
3D radial free-running ME-GRE acquisition contains 1000 radial interleaves rotated by the golden angle®?. Each segment
of the spiral is repeated for Nte echoes. The PT signals are used to retrospectively assign acquired segments to specific
cardiac and respiratory motion states. After motion-resolved image reconstruction with XD-GRASP-ADMM?* 2!, an N-
peak fat spectrum model and graph cut algorithm’ are used to obtain FF, R>* and Bo maps, and fat and water images

motion is often addressed using breath-holds, while ECG triggering and the selection of a quiescent
acquisition window helps avoid cardiac motion blurring!®. Recent developments in free-running
cardiac MRI'4!5, with integrated Pilot Tone (PT)!®!71819 make it possible to retrospectively
compensate for cardiac and respiratory motion. Free-running developments may benefit FF mapping
because 1) an uninterrupted acquisition poses no limits on the amount of echoes, 2) removes the need
for external triggering devices or breath-holds and improves ease of use and patient comfort, 3)
provides whole-heart coverage, and 4) may simultaneously provide functional information such as
ejection fraction. The aim of the study was to propose a novel free-running 3D radial ME-GRE
approach for whole-heart fat-fraction mapping, with integrated PT navigation for cardiac and
respiratory signal gating. The sequence was optimized in a phantom with fat components. Proof of
concept motion-resolved free-running fat-fraction mapping was tested in healthy volunteers.

Methods

All experiments were performed on a 1.5T clinical scanner (MAGNETOM Sola, Siemens
Healthcare, Erlangen, Germany) using a 12-channel body coil equipped with a PT transmitter.

Phantom experiments: The prototype free-running 3D radial ME-GRE sequence incorporated a
readout of N=8 echoes at each segment of the spiral (Fig.1). In a fat phantom (Fig.2), the effect of
receiver bandwidths and RF excitation angles on the measured fat fraction was tested. Sequence
parameter ranges that were tested included RF excitation angles [5;25]°,bandwidths [321;1063]
Hz/pixel, monopolar or bipolar readout gradients, and echo spacings [1.29;3.65] ms. Fat fractions
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estimated with graph cut maximum-likelihood fitting” were compared to values obtained with MR
spectroscopy (MRS) (Fig.2).

A. B.
water+agar solution

Figure 2. Phantom experiment. A custom-built fat phantom made with peanut oil, agar, and water (A) was
used to test the proposed free-running ME-GRE sequence. The fat-fraction map obtained (B) with the maximum-
likelihood fitting routine shows good agreement with the gold-standard MRS estimation (C). The shaded blue area
represents the 95% confidence interval on the regression line.
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Figure 3. Motion-resolved maps and images of the
whole heart in transversal, coronal and sagittal view in one
healthy volunteer, visualized for a single cardiac phase in
this static context. A. Fat fraction map; B. Fat-only image; C.
Water-only image; D. Ro*map; E. dBo map (deviation from
main field strength Bo).

Slices displayed in rows A, B, and C were chosen to
highlight fatty regions of the heart. Slices displayed in rows D
and E were chosen to highlight blood/myocardium contrast in
; the R2* maps and therefore do not match the slices displayed
T inrows A, B and C.

Volunteer experiments: Free-running ME-GRE was performed in n=5 healthy volunteers after
providing informed written consent. Optimized sequence parameters included: (2.0mm) spatial
resolution, receiver bandwidth of 893Hz/pixel, RF excitation angle 12°, a monopolar readout gradient,
N=8, echo spacing TE=2.05ms, TE=1.25ms. The acquisition time was 6:15min per subject. Cardiac
and respiratory signals were retrospectively extracted from PT and used to bin acquired k-space data
into 2 respiratory and 10-11 cardiac motion states'>!°. A compressed sensing reconstruction (similar
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to that reported in'> and based on?%?") of our 6-dimensional (x-y-z-cardiac-respiratory-echo) data was
used to provide motion-resolved 3D volumes of each echo. Using a 6-peak fat-model and a maximum-
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likelihood graph cut fitting algorithm’ (ISMRM Fat/Water Toolbox), fat fraction, R>*, Bo maps and
fat-only and water-only images were reconstructed (Fig.1). The influence on fat quantification of the
selection of cardiac phase and number of echoes used for the fitting was determined in regions of
interest (ROI) placed in chest and pericardial fat. Statistical significance was determined using a paired
Student’s t-test.

Results

Phantom experiments: Fat quantification was not bandwidth-dependent in our examined range,
despite the increase in noise. The free-running ME-GRE sequence parameters yielding the most similar
FF estimation with respect to MRS were selected for volunteer experiments, and resulted in fat-
fractions with a coefficient of determination of r=0.9885 for a slope with 95% confidence interval in
[0.7588;1.026] (Fig.2).

Volunteer experiments: PT allowed the successful extraction of motion signal in all volunteers,
which enabled motion-resolved reconstructed fat-images, water-images, R>* maps, and FF maps
(Fig.3). The analysis of FF maps obtained at different phases of the cardiac cycle (Fig.4) revealed a
consistent estimation in chest fat fraction yet a decrease in the pericardium during systole. The
comparative analysis of maps obtained using four or eight echoes (Fig.5) yielded FF maps of similar
quality. Quantitatively, while a significant difference (p=0.0252) was observed in the chest fat, the
same analysis in pericardial fat showed no difference (p=0.6096). The quality of R>* maps decreased
with fewer echoes.

Discussion
Although GRE typically requires a low receiver bandwidth to mitigate noise, FF quantification was
not affected by increasing the receiver bandwidth to 893Hz/pixel, which benefits both shorter
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acquisition time as well as echo spacing. The combined use of PT and the free-running approach to
cardiac MRI simplifies access to whole-heart fat quantification, as it allows to retrospectively select a
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Figure 5. Comparison of mapping results with 8 and 4 echoes. A. Fat fraction maps obtained with 8 and 4 echoes
are visually consistent. B. Ro* maps obtained with 4 echoes are noisier than those obtained with 8 echoes, altering the
visualization of anatomy (myocardium). C. Mean estimated fat fraction and standard deviation measured across 5
volunteers, in ROIs selected in the chest fat and in pericardial fat, obtained with the two methods.

cardiac phase and to account for RR fluctuations. It remains to be investigated whether the observed
variation in pericardial FF was due to errors in acquisition/ reconstruction/ROI selection, or if it
indicates a physiological effect. Although the use of four or eight echoes did not significantly affect
the quantification of FF in volunteers, an increased number of echoes would certainly benefit the
quantification of lower fat fractions, as more peaks in the fat spectrum could be resolved.

Conclusion

A novel free-running 3D radial ME-GRE acquisition and reconstruction approach was developed
with integrated PT navigation that provided motion-resolved whole-heart fat-fraction maps. Free-
running ME-GRE neither relies on ECG triggering nor on breath-holds, and allows the acquisition of
an arbitrary number of echoes within a fixed scan time.
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Synopsis

Free-running whole-heart MRI can suffer from flow artifacts. Despite the efficiency of 3D radial
UTE in minimizing the latter, its integration as a free-running sequence has so far been challenging
due to poor-quality self-gating, which has necessitated an inefficient dual-echo approach. In this work
we show that self-gating signals from a single-echo ferumoxytol-enhanced free-running 3D radial UTE
sequence are comparable to the dual-echo approach, allowing to significantly improve scanning
efficiency and produce dynamic images that are free from flow artifacts.

Introduction

In the free-running framework for whole-heart MRI, data are continuously acquired independently
from the underlying physiological motion, and retrospectively reconstructed as cardiac and respiratory
motion-resolved 5D images using self-gating (SG) signals derived from the data themselves'. In
addition to providing high-quality dynamic visualizations of cardiac anatomy, this approach meets the
need for a simplified and time-efficient workflow for cardiac MR exams. In this context, ferumoxytol-
enhanced 5D imaging with a 3D radial gradient echo (GRE) sequence has been shown to provide
excellent delineation of cardiac anatomy by enhancing the blood-pool signal>3. Nonetheless,
dephasing effects due to blood flow in concert with shortened T2* can produce artifactual signal voids
adversely affecting the image quality and potentially hindering the visibility of anatomical structures
(e.g. valves, small-sized vessels, aortic dilatation)**. Previous work demonstrated that ultra-short TE
(UTE) sequences are effective in minimizing flow-related dephasing®®. However, in absence of a
contrast agent, TE shortening comes at the expense of blood-to-myocardium contrast, negatively
affecting anatomical visualization and reliable SG signals extraction (previously addressed by
acquiring a second echo at longer TE for self-navigation, at the cost of scan time)’.

We tested the hypothesis that, by integrating a 3D radial UTE acquisition’ within the free-running
framework! in ferumoxytol-enhanced MRI of congenital heart disease (CHD), the inherent advantages
(absence of flow artifacts and excellent contrast) can mutually compensate the inherent disadvantages
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Figure 1. UTE sequence. A: RF pulses are followed by center-out UTE readouts using ramp-sampling. A second full-
echo can be acquired for SG. B-C: The spiral phyllotaxis trajectory'® was adapted to ensure full k-space coverage. In our
work, sequence parameters were: RF excitation angle=15°, base resolution=192, spatial resolution=(1.14mm),
TE1/TE2=0.08/2.17ms, half readouts=81906 for dual- and 126478 for single-echo UTE, resulting in constant acquisition time
TAuTe=5:20min with 54% more sampling for single-echo UTE. For reference TAcre=5:59 min (full readouts=126478).

(low contrast and presence of flow artifacts) of the two components. This simultaneously allows for
self-navigation within a single-echo UTE acquisition and yields flow artifact-free 5D images with
improved visibility of anatomical structures.

Methods

Acquisitions: Seven CHD patients (age: 3-38 y; 5 male) underwent imaging on a 1.5T
MAGNETOM Sola (Siemens Healthcare, Erlangen, Germany), after providing IRB-approved written
informed consent. For each patient, ferumoxytol-enhanced whole-heart data were acquired with a
prototype free-running UTE sequence’ with an option for multi-echo readouts (TE=0.08ms, n=4 with
dual- and n=3 with single-echo UTE, see Fig.1) as well as with a previously reported version for free-
running GRE?. With equal acquisition time TAure=5:20min, single-echo UTE had a 54% increase in
scanning efficiency as compared to dual-echo UTE. For each dataset and echo, SG signals were
extracted and used for data sorting into motion-resolved bins (4 respiratory, 50ms cardiac)'.

UTE self-gating: To test the hypothesis that the increase in contrast with ferumoxytol allows for
reliable SG signals extraction from single-echo UTE acquisitions, SG signals obtained from the two
echoes of the dual-echo UTE acquisitions (n=4) were compared®. For cardiac SG, the time between
consecutively detected triggers (RR intervals) was compared by means of a Bland-Altman analysis
and paired-sample t-tests. The similarity between SG respiratory signals was evaluated via the Pearson
correlation coefficient, while their concordance in terms of assignments of readouts to respiratory bins

was quantified by measuring the percentage of coinciding assignments.
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Figure 2. Comparison of SG signals obtained from the first (E1) and second (E2) echoes of dual-echo UTE
acquisitions. A: Bland-Altman analysis of RR intervals from E1 and E2. B: RR intervals (mean =+ std) from E1 and E2 are
reported with the results of paired-sample t-tests. For reference, RR intervals from GRE are reported. C: Examples of SG
respiratory signals from E1 and E2. D: Assignments of readouts to respiratory bins (EE: end- expiration, ME: mid-
expiration, MI: mid-inspiration, EI: end-inspiration) based on SG respiratory signals from E1 and E2 (green: coinciding
assignments).

Reconstructions: 5D UTE and 5D GRE images were reconstructed!. End-expiratory lung-liver
sharpness® was compared (paired-sample Wilcoxon signed rank test), and the quality of motion-
resolution was qualitatively assessed by means of M-mode images.

Flow artifacts in UTE and GRE reconstructions: To test the hypothesis that UTE helps
minimizing flow-related dephasing, the severity of flow artifacts in 5D UTE and 5D GRE images was
evaluated by computing the standard deviation of the mean signal intensity across cardiac phases in a
ROI covering a cross-section of the ascending aorta.

Results

UTE self-gating: Good agreement was found between SG signals obtained from the two echoes of
dual-echo UTE acquisitions. For cardiac SG, Bland-Altman analysis of RR intervals revealed low bias
and good limits of agreement (0.08+32.65 ms) and t-tests did not reveal statistically significant
differences (piwsc>0.05) albeit in a small cohort (Fig.2A-B). Respiratory SG signals were also
comparable, both in terms of signal correlation (rpearson=0.94+0.05) and binning (coincidence of 82.6%,
70.1%, 75.4% and 90.1% from end-expiration to end-inspiration), with mismatches mostly due to
assignments to neighboring bins (Fig.2C-D).
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Figure 3. Qualitative comparison of 5D UTE and 5D GRE images. A: Mid-diastolic end-expiration
phase of a 5D UTE reconstruction (top) and the reference 5D GRE (bottom). ROIs on the aortic valve (axial,
dashed squares) and aortic cross-sections (sagittal, continuous line) indicate the locations selected for flow
artifact visualization in Fig.4. B: M-mode images showing signal intensity evolution of a line crossing the left
ventricle(coronal, dotted line) along cardiac and respiratory cycles (EE: end-expiration, ME: mid-expiration,
MI: mid-inspiration, EI: end-inspiration).

Reconstructions: Overall, 5D UTE and 5D GRE reconstructions displayed good delineation of
cardiac anatomy, albeit with more blur (sute=2.10%0.21, sGre=2.55+0.36, pwilcoxon<0.05, n=7) in 5D
UTE (Fig.3A and Fig.5). M-mode images suggested a comparable level of motion-resolution (Fig.3B).

Flow artifacts in UTE and GRE reconstructions: Visual inspection of 5D images revealed no
flow artifacts in SD UTE images, while they appeared prominent on 5D GRE, affecting the visibility
of anatomical structures (Fig.4A and Fig.5). This was corroborated by quantitative measures (Fig.4B).

Discussion and conclusion

In this work, we showed the benefits of integrating a 3D radial UTE acquisition within the free-
running framework in ferumoxytol-enhanced MRI. On one hand, we confirmed our first hypothesis
that the increased blood-to-myocardium contrast offered by ferumoxytol allows for robust self-
navigation based solely on the UTE echo, resulting in time-efficient acquisitions offering potential for
increased sampling or reduced acquisition time. On the other hand, we confirmed our second
hypothesis that the TE shortening enabled by UTE acquisitions allows for a significant reduction of
signal dephasing, yielding flow artifact-free 5D images with improved visibility of dynamic
anatomical structures. Additional work on the acquisition (protocol, trajectory optimization) and on
the reconstruction side (reconstruction parameters, gradient imperfections correction) is still needed to
bring the framework to realize its full potential in the context of ferumoxytol-enhanced imaging of
CHD patients.
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Figure 4. Flow artifacts in SD UTE and 5D GRE images. A: Comparison of flow artifacts (dashed
line: aortic valve; circle: aortic cross section; see Fig.3A) for different cardiac phases (CP) for a 5D UTE
(top, green) and the corresponding 5D GRE (bottom, pink) reconstructions. B: Evolution of mean signal
intensity for a ROI on the aorta for a SD UTE (top: dual-echo, dataset shown in A; bottom: single-echo) and
the corresponding 5D GRE (pink) reconstructions. C: Standard deviation of mean signal intensity over CP
across all patients (from left to right: dual-echo UTE, single-echo UTE, GRE).

Figure 5. Visualization of cardiac motion and flow artifacts in 5D UTE and
5D GRE images (left and right, respectively) for a patient with a Williams syndrome
with aortic stenosis and aortic arch hypoplasia after patch enlargement.*

*Images depicted in this Appendix are static.
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Synopsis

A free-breathing 3D radial multi-echo GRE acquisition for whole-liver fat-water separation and
quantification was proposed, which integrated retrospective respiratory motion extraction with Pilot
Tone and motion-compensated reconstruction with focused navigation. The proposed framework was
tested in 10 healthy volunteers at 1.5T. Post-processing of the 8 reconstructed and denoised echoes
with a graphcut algorithm provided fat-water separated images and fat fraction maps of isotropic
resolution. Images and maps were compared to breath-held reference 3D and 2D Cartesian acquisitions
for validation of the quality of both motion compensation and fat-water separation.

Introduction

Within the non-invasive assessment of liver steatosis using fat fraction (FF), the importance of
whole-organ coverage and large region of interest (ROI) selection in multiple slices has been
highlighted'-?, to account for steatosis inhomogeneity. Multi-Echo GRE (ME-GRE) sequences provide
reliable fat-water separation and quantification, after fitting the echoes to a multi-peak fat spectral
model®.

Correction for confounders such as Bo inhomogeneities, noise, and T bias, as well as a high number
of echoes for good spectral resolution®=, are required. The latter can make high-resolution whole-liver
examinations long and require repeated breath-holds. Free-breathing approaches are desirable for
improved patient comfort, but can involve complex computational models with long reconstruction
times.

We hypothesize that by combining a Pilot Tone-guided ME-GRE acquisition with focused
navigation (fNAV), an auto-focusing technique recently validated for cardiac MRI®, motion-
compensated whole-liver fat quantification with a high number of echoes is possible within an
acceptable scan time, under free-breathing conditions. The images obtained with the proposed
framework are compared

in vivo to a gold-standard 2D 2-point Dixon sequence for fat-water separation and a 3D Cartesian
ME-GRE for FF mapping.
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MR parameters 3D radial FB 3D Cartesian BH 2p-Dixon VIBE BH

FOV size [mm?] 290x290 290x290 290x290
spatial resolution [mm?3] 1.51x1.51x1.51 1.51x1.51x5.0 1.51x1.51x5.0
number of slices 192 8 8

TR [ms] 19.02 19.24 6.70
ATE/TE, [ms] 2.30/1.38 2.30/1.30 2.38/2.39
number of echoes NTE 8 8 2

flip angle [°] 12 12 10

pixel bandwidth [Hz/px] 898 898 470
gradient readout mode monopolar monopolar bipolar
acceleration 64% Nyquist none Parallel Imaging factor 4
acquisition time [min] 02:57 00:20 00:07

Table 1. Acquisition parameters. The prototype free-breathing 3D radial ME-GRE sequence was acquired
continuously with a phyllotaxis trajectory made of 424 interleaves composed of 22 segments each with a golden-
angle rotation in between interleaves, leading to a 02:57min scan time. Parameters of the 3D Cartesian ME-GRE
sequence were selected to match that of the proposed radial sequence as closely as possible, under the constraint of
a breath-hold duration of 20sec. The 2p-Dixon sequence parameters were fixed as provided by the manufacturer.

Methods

On a 1.5T clinical scanner (MAGNETOM Sola, Siemens Healthcare, Erlangen, Germany), n=10
healthy volunteers (F=6, ages 23-39yo0) who provided informed consent were scanned with a prototype

3D radial ME-GRE sequence with isotropic spatial resolution of (1.5mm)?. Data acquisition was
performed during free-breathing, using a prototype free-running 3D golden angle radial trajectory®

with 8 echoes. A 12-channel chest coil with an integrated PT generator, operating outside the MR
frequency range, was used for trajectory-independent monitoring of motion. A respiratory signal was
extracted from the PT data’® and used for estimating fNAV coefficients that describe the amplitude of
the respiratory motion at each spatial location. The fNAV coefficients were iteratively optimized to
minimize an image quality metric (gradient entropy), then used to correct the separate echoes. Multi-
contrast patch-based denoising!® was performed on the reconstructed 4D volumes. Fat and water
images and FF maps were generated using a 6-peak fat model and a maximum-likelihood graphcut
algorithm!! (ISMRM Fat/Water Toolbox!'?).

During the same examination, a 2-point Dixon VIBE sequence provided reference fat and water 2D
images directly at the scanner. An anisotropic 3DCartesian ME-GRE sequence was also acquired
during breath-holding with 8 echoes, and provided sources images at the scanner that were processed
with the same fitting algorithm as to provide reference fat-water separated images and FF maps.
Sequence parameters are detailed in Tab.1.

The mean and standard deviation of the FF in 3 intra-hepatic ROIs was measured for both radial
and Cartesian 3D acquisitions and used to perform a Bland-Altman analysis on the 10 volunteers.

Results

Respiratory PT signals were successfully extracted in all volunteers (Fig.1A), which enabled the
minimization of motion-induced blurring using fNAV (Fig.1B-C), especially visible at the lung-liver
interface. The average reconstruction time wih fNAV was 37min ([range 14-62] min) across
volunteers. Patch-based denoising (additional computation time of 11min per 4D volume) improved
the overall visual image sharpness (Fig.1C-D).
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Figure 1. Motion compensation with fNAYV in 2 healthy volunteers. The respiratory signal extracted from the
Pilot Tone is shown on panel A. The source images of the first collected echo with the proposed sequence are shown
B. reconstructed without motion compensation, C. reconstructed with fNAV and D. reconstructed with fNAV and
denoised. Visible blurring in the superior-inferior direction at the lung-liver interface affects the uncompensated
images, which is corrected by fNAV (red arrows). Denoising improved overall image sharpness and quality.

Figure 2. Separated fat and water images in healthy volunteer 3 (M, 28yo). Water-only (top) and fat-only (bottom)
images are obtained from fitting the ME-GRE data to a 6-peak liver fat model, in the case of the 3D radial and3D Cartesian
(left and middle columns). The 2D 2-point Dixon VIBE acquisition (right column) produces separated images directly at
the scanner and provides a gold-standard for fat-water separation. Good agreement and no swaps were observed, although
contrast differences between 3D radial and 3D Cartesian can be seen (abdominal aorta).

The comparison of fat-water separated images to breath-held images showed the absence of motion
artifacts with our technique, as well as a robust chemical species separation, without swaps (Fig.2).

In volunteer 4 (Fig.3A), the radial FF maps showed a larger granularity of the fatty regions and
elevated FF in ROI1, compared to the breath-held Cartesian ones. Large standard deviations were
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Figure 3. Fat fraction maps in 2 healthy volunteers. A. Healthy volunteer 4 (top) and 5 (bottom). The regions
of interest (ROI) used for quantitative analysis are indicated by white circles. The labels indicated on the bottom-
left map are respectively: 1. Segment VII, 2. Segment IV and 3. Segment II. B. Mean and standard deviation of
the fat fraction (in %) measured across the ROI in the volumes presented in panel A, for both imaging protocols.

»
]

I

S +1.96G

YR T G T D e T D T I

bl ® +2.98%

q =

™

Q 14 ®

o [ ]

£, PY e © bias

'

= s -0.05

o -1 ®

(-

<

< 27

o 1.96c

Q gloessssssssssssesess P R R

e -2.88%

'} T T T T 1
0 2 4 6 8 10

average FF [%]

Figure 4. Bland-Altman plot: difference between 3D radial FB and 3D Cartesian BH in 10 healthy volunteers.
The 3D Cartesian ME-GRE with NTE=8 echoes analyzed with graph cut provided FF maps that were compared to those
obtained with the proposed3D radial framework. A low bias is reported, with small limits of agreements between the 2
imaging protocols, mostly driven by bigger deviations observed in 2 volunteers out of 10. Difference in slice thickness

(1.5 vs 5.0mm) could explain these deviations.

measured in all 3 ROIs (Fig.3B). Conversely, good agreement between the two protocols was observed
in volunteer 5 (Fig.3B). This was confirmed in the rest of the cohort, as a Bland-Altman analysis of
the mean FF in 10 volunteers revealed an average bias of 0.09% between the Cartesian and proposed
radial techniques, with 1.96 standard deviation bounds of [-2.43-2.63]% (Fig.4). Out of 10 datasets,
only 2 had a mean difference across all ROIs higher than 1%, including volunteer 4 mentioned above.

Discussion

This study demonstrated the feasibility of combining a 3D radial sparse trajectory with a ME-GRE
acquisition with 8 echoes using PT and fNAV, reaching isotropic clinical resolution in less than 3
minutes without introducing errors in the fat-water separation nor motion artifacts. Although
differences in contrast from the Cartesian references were observed, visualization of global liver

anatomy and main hepatic and portal veins was possible.
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Global agreement of the parametric FF maps with the Cartesian reference in 80% of the volunteers
showed the proposed method is promising, but the low FF content expected in healthy volunteers
limited the evaluated range of our study. The deviation of our technique from the Cartesian reference
was higher in volunteers with fat content above 5%, which will be investigated. Therefore, extended
mapping validation on a standardized phantom, as well as case studies on subjects with elevated fat
content would further characterize the accuracy of the technique. Additionally, this work could be
extended to include R>* quantification without prolonging scan time, which would benefit iron
deposition assessment.

Conclusion

This work presented a pipeline for free-breathing whole-liver fat imaging, which can be used to
retrieve reliable information on the location and quantity of hepatic fat within acceptable scan and
reconstruction time for a resolution of (1.5mm)?>.
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Synopsis

The most commonly employed T> mapping techniques are 2D and make use of ECG-triggering.
This may be a limitation in patients with variable heart rate and complex three-dimensional conditions.
To address these limitations, we here propose an isotropic free-running 3D T> mapping technique that
avoids ECG triggering by using Pilot Tone navigation. In three healthy volunteers, our technique
produced accurate isotropic T2 maps when compared to 2D T prepared bSSFP (T>=41.1+4.8ms vs.
44.9+3 3ms, respectively, p=0.1), and cardiac motion was successfully resolved.

Introduction

Cardiac T» mapping is routinely used in clinical MR protocols for the assessment of acute edema!.
Most commonly employed T> mapping techniques are breath-held single-slice 2D acquisitions. This
coverage can limit the sensitivity, especially in the case of myocardial pathologies that have
heterogeneous 3D patterns throughout the myocardium. To more completely characterize these
spatially complex disease patterns, several 3D T» mapping techniques have therefore been proposed®
6, Moreover, all current 2D and 3D T, mapping techniques make use of electrocardiogram (ECG)
triggering, which may lead to unpredictable scan times, depends on high-quality ECG signals, may
fail in case of arrhythmia, and implies a time-inefficient sampling of k-space. Most of these limitations
might be avoided by using a free-running acquisition with retrospective self-gating’, but robust ECG-
free self-gating is very challenging when a wide range of image contrasts is used, as is the case for
mapping. To address these limitations, we here propose an isotropic free-running 3D T, mapping
technique that 1) utilizes Pilot Tone® navigation to obtain contrast-independent respiratory and cardiac
signals, 2) robustly corrects for respiratory motion through focused navigation (fINAV)?, 3) fully
resolves cardiac motion, 4) produces accurate maps through compressed sensing (CS) combined with
patch-based denoising (HD-PROST)'.

Methods

The acquisition (Fig.1) consists of a prototype free-running’ 3D radial GRE sequence with a
phyllotaxis trajectory'!, field of view=(220mm)?, isotropic spatial resolution=(1.5mm)?,
TR/TE=4.4/2.2ms, a=5°, four interleaved T» preparation times T-prep=0/25/40/55ms, 35200
readouts/T2-prep, and a total acquisition time of 11.3min. All data were acquired on a 1.5T clinical
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Figure 1. Overview of the proposed technique. A continuous 3D radial GRE acquisition is
periodically interleaved with T2-prep pulses of increasing duration. A) The Pilot Tone coil is used to
obtain respiratory and cardiac signals. B) The extracted signal is converted into a correction factor
(fNAYV) prior to reconstruction. C) A CS reconstruction is performed with resolved cardiac and Ta-
prep dimensions. D) HD-PROST is applied to denoise the images, thus obtaining four cardiac-
motion-resolved 4D volumes with T>-weighted contrast. E) Dictionary matching is used to create a
4D T2 map.

scanner (MAGNETOM Sola, Siemens Healthcare, Erlangen, Germany). Data-synchronized
respiratory and cardiac signals were extracted from the Pilot Tone signal!2. The respiratory motion was
corrected using focused navigation (fNAV)’, which estimates the amplitude of respiratory motion
along all three spatial dimensions in order to scale the respiratory motion signals obtained from the
Pilot Tone, and translationally corrects each k-space readout prior to the CS reconstruction, thus
reducing the dimensionality of the dataset. Source images were reconstructed with total variation (TV)
regularization along the cardiac dimension, and denoising was subsequently performed by applying
HD-PROST to improve the T precision. Extended phase graph (EPG)'? simulations were used to
generate a sequence-specific dictionary for a range of T values. A pixel-wise match of the source
images with this dictionary then resulted in the T> map. The proposed technique was validated in an
agar-NiCl-gel phantom designed to mimic the in-vivo range of myocardial relaxation times. Gold-
standard values were obtained using a turbo-spin-echo (TSE) sequence with 32 echo times (13-422ms)
and TR=10s. Linear regression and Bland-Altman analyses were performed to compare our technique
and routine breath-held T.-prepared T» mapping'* to the TSE relaxation times. Finally, both the
proposed technique and the clinical routine scans were applied to the heart of three healthy volunteers
(age=33+8y, 1F) with IRB approval and written informed consent. The myocardial T> maps were
manually segmented, and a Student’s t-test was used to compare the average values in the
corresponding myocardial area to routine Tr-prepared mapping'®. We measured the average
myocardial T in all cardiac phases and computed its standard deviation as a measure of precision.

Results

The phantom T> maps demonstrated a high correlation with the gold standard over the relevant T
range (y=0.98x-4.6, R?=0.98, Fig.2). A small (~6ms) underestimation was observed compared to the
TSE T» values, which was consistent in the range of interest. The Bland-Altman analysis confirmed
the bias but did not reveal other trends. In all in-vivo cases, and despite the periodic interference
produced by the T2-prep modules, Pilot Tone allowed a robust detection of both cardiac and respiratory
signals. The fNAV correction successfully aligned the respiratory phases as evidenced by sharp lung-
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liver interfaces. The CS-based reconstruction produced well-aligned source images with resolved
cardiac motion. The resulting motion-resolved T> maps were accurate when compared to routine 2D
maps (T>=41.1+4.8ms vs. 44.9+£3.3ms, respectively, p=0.1). Moreover, we found that the average T»
value remained coherent across the cardiac cycle (Fig.4), with the average standard deviation across
all phases being lower than 3 ms for all considered subjects.
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Figure 2. Validation of the technique in the phantom. A) Linear regression plot of the T2 values
obtained with the proposed technique. The T: relaxation times show a slight but consistent
underestimation when compared to the turbo-spin-echo reference over the entire range of interest
(35ms-130ms). B) Bland-Altman analysis of routine 2D T2 mapping. C) Bland-Altman analysis of the
proposed technique, confirming the ~6ms bias. The dotted lines represent the 95% limits of agreement.

Figure 3. The resulting maps compared to 2D T:-prepared
bSSFP (M, 41 y.0). A) Short-axis breath-held 2D T» map
acquired with routine T2-prepared bSSFP. B) Short-axis slice |
obtained with the proposed technique in mid-diastole. C-D) The A \
corresponding orthogonal planes (pseudo-4CH and pseudo-2CH). m N % A

\J
1
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W Te432:18ms ¢ Figure 4. Average myocardial T across the
| A cardiac cycle (M, 41 y.0). A) Mid-diastolic T>
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Figure 5. The resulting cardiac-
resolved T> map (M, 41 y.o0). One short-
axis, pseudo-4CH and pseudo-2CH slices

Discussion

The proposed technique showed high correlation with the gold-standard TSE acquisition in the
phantom, but a small T> underestimation, which is mostly likely due to stimulated echoes in the TSE
and is consistent with what was previously found in dictionary-matching-based techniques. The use of
Pilot Tone allows for robust identification of physiological signals regardless of periodic changes in
source image contrast. The fNAV correction proved to be a useful tool in order to reduce
dimensionality and therefore reduced the computational burden while retaining all information.
Finally, the T>» maps demonstrated high consistency across the different cardiac phases, albeit in a
small sample size. Therefore, further optimization is required to improve both accuracy and precision
in a larger cohort. In conclusion, we successfully demonstrated the feasibility and preliminary results
of an isotropic free-running 3D T> mapping technique.
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Background

Pilot Tone (PT)' is a novel, electromagnetic sensing technique capable of remotely sensing
respiratory and cardiac motion that has gained popularity in recent years. The PT signal is closely
correlated to total cardiac volume? and can be used both in real-time or retrospectively to trigger or
gate MR acquisitions. We have previously used PT in lieu of self-gating® for its high temporal
resolution and sequence-independence in a free-running acquisition strategy. PT signals are used to
bin the acquired data into respiratory and cardiac bins. Here we aim to investigate how the trigger
points derived from the cardiac PT signal change depending on the respiratory position.

Methods

We scanned 12 volunteers (a: 27+/-3y, 7 male, 8 female) and eight patients (a: 24+/-16y, 5 male, 3
female) at 1.5T (MAGNETOM Sola, Siemens Healthcare GmbH, Erlangen, Germany) using a
prototype free-running acquisition®. From raw PT data (one channel per receive coil) the respiratory
and cardiac PT signals spr,esp and spr,cara Were extracted using Blind Source Separation (BSS) (PCA
for spt resp, ICA for sprcard). The cardiac signal was filtered using our Kalman-Filter processing chain®,
where cardiac triggers are detected as zero-crossings of the signals 1st derivative (Fig.1a). The
respiratory signal sprresp Was used to bin the data into three respiratory bins (see Fig.1b). For each of
these bins, triggers were extracted from sprcad and matched with ECG R-peaks as ground truth
(Fig.1c). The temporal difference between ECG R-peak and PT triggers, Atrig (see Fig.2) was
determined and, to account for the effect of R-R duration changing with respiratory state (respiratory
sinus arrythmia), Atrig was normalized to the mean R-R interval in its corresponding bin and is thus
given in percent of the mean R-R interval. This normalization also allows for the pooling of results
over subjects. Respiratory bins were then tested for significant differences in Agignorm using ANOVA.
To characterize respiratory amplitude, we used navigators on the liver dome, derived from
reconstructed 3D datasets. In total, we analyzed 8550 individual heartbeats in the volunteer- and 3742
heartbeats in the patient cohort.

Results

We found significant differences in Awignorm between all respiratory states in the volunteer cohort
(Fig.3) but no significant difference was observed in the patient cohort. Normalized trigger delays are
given in Tab.1. Respiratory amplitude was significantly higher in the volunteer cohort (16.1+/4.9 mm)
than in the patient cohort (9.1+/1.8 mm).
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Insp Mid Exp

Volunteers in % of mean R-R interval
mean delta 0.1643 0.1584 0.1462
std delta 0.0638 0.0499 0.0604
Patients

mean delta 0.1773 0.173 0.1735
std delta 0.072 0.0696 0.0674

Table 1. Means and standard deviation of Auignorm in Expiration, Mid-respiration and inspiration stratified by volunteer
and patient cohort. Auignorm 1S given in percent of the mean R-R interval in the corresponding respiratory state.

Conclusions

We found that in subjects with higher respiratory amplitude, trigger points are slightly shifted with
respect to R-peak, whereas this effect is not significant when the respiratory amplitude is lower. Falcao
et al.?> found no significant difference in image quality when using PT derived motion data compared
to self-gating, but when going to higher temporal resolutions, these small changes will potentially need
to be considered. The observed differences in Awignorm are readily explained by the fact that BSS
techniques are statistical in nature and healthy subjects tend to spend more time in expiration. Thus,
these data points are weighted more strongly in the separation algorithm when training on free-
breathing data. This could be mitigated by introducing data weighting based on respiratory state during
this training phase.
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Synopsis

MR imaging of the fetal heart is challenging due to resolution requirements and the impact of
maternal respiration, fetal cardiac motion, and gross fetal movement. These factors have largely
precluded the development of 3D acquisition techniques. In this work, a novel reconstruction algorithm
is developed to estimate and correct for displacement of the fetal heart due to maternal respiration and
gross fetal movement enabling the first ever motion-corrected time-resolved 4D images of the fetal
heart from 3D radial data. Proof-of-concept results are demonstrated using a comprehensive numerical
simulation developed for this work and initial data acquired in utero.

Introduction

Technical developments have driven the use of MRI to complement ultrasound in the evaluation of
the fetal heart, providing new ways to manage cardiovascular diseases detected in utero !. Fetal cardiac
MRI acquisitions are designed with the shortest scan times possible to avoid artifacts and blur from
maternal respiratory motion, fetal cardiac motion, and gross fetal movement. A balance must therefore
be struck between the need for abbreviated scan times, the spatial resolution necessary to visualize the
small vessels and chambers of the fetal heart, the temporal resolution needed to resolve the fast fetal
heart rate, and the volumetric coverage required to interrogate the complex 3D cardiac anatomy. As a
result, a series of 2D images combined with motion-correction, scattered data interpolation and super-
resolution algorithms 2 provide a surrogate for dynamic 3D (4D) MRI evaluation of the fetal heart.
However, 2D acquisitions may be limited by through-plane motion and have a constrained spatial
resolution in the slice selection direction. Alternatively, the use of 3D acquisitions has recently been
proposed, greatly simplifying scan planning *°, but no methods for motion-compensation have been
published to date. In this work, we therefore propose a novel reconstruction method for 4D MRI of the
fetal heart using a continuous 3D radial acquisition with isotropic spatial resolution. Our proposed
reconstruction algorithm retrospectively identifies and corrects both displacement of the fetal heart
due to maternal respiration as well as gross fetal movement. To validate our approach and to inform
in utero parameter ranges, a complex numerical simulation framework is developed providing a

171



necessary but not yet available ground truth for developing 3D fetal imaging techniques. Here, we
present our initial findings using our numerical phantom and demonstrate the first ever motion-
corrected 4D images of the fetal heart from 3D radial data acquired in utero.

| Acquire Motion-corrected free-running data |

maternal Resp. —
S|

A fetal Card. cycle o i

I N O
I I

Divide acquisition and reconstruct volumes for each section

Data
acquisition

Use motion parameters to correct k-space, reconstruct
4D images using compressed sensing

Uncorrected data Motion corrected data

Figure 1. Schematic of the reconstruction algorithm. A continuous 3D radial acquisition
(A) is divided into 16 bins of ~15 s each (B), which are then processed, corrected (C) for
maternal respiration (fNAV) 6 and (D) bulk fetal movement (rigid registration and outlier
rejection). The motion-corrected k-space data are then binned into cardiac phases and
reconstructed using compressed sensing to obtain 4D images (E).
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Figure 2. Animated depiction of the numerical simulation framework. (A) Programmable translational and
rotational motion are applied to a labeled 3D model of the maternal and fetal anatomy. The labeled data are converted to
MRI contrast using an analytical signal equation and (B) sampled with a user-defined k-space trajectory. (C) Finally,
simulated MR images are reconstructed.

A

Images

Methods

Fig.1 outlines the proposed algorithm for estimating displacement of the fetal heart due to maternal
respiration ¢ and gross fetal movement by exploiting intermediate “real-time” reconstructions of 3D
radial data. The motion estimates are used to correct the k-space data and reject outliers 2. The
remaining data are retrospectively binned according to their cardiac phase and reconstructed as 4D
images ®. To characterize this algorithm, we designed a comprehensive numerical simulation of the
maternal and fetal anatomy (Fig.2) 7. It includes 3D programmable motion (respiration and bulk
movement), MR contrast and 3D k-space sampling schemes. In silico data sets (N=50) were generated
with maximum 3D translational motion amplitudes of 10 mm, maximum 3D rotation of 5°, and scan
parameters matching in utero data. One pregnant volunteer who gave consent (32 weeks gestational
age) was scanned using a previously described free-running 3D radial bSSFP research sequence 8
without fat suppression or ramp-up pulses, on a 1.5T clinical MRI scanner (MAGNETOM Aera,
Siemens Healthcare, Erlangen, Germany). For in silico data, motion-corrected, and uncorrected images
were compared and the image blur relative to the ground truth was measured °. For in utero data
retrospective binning in to 20 cardiac phases was performed using an MRI compatible Doppler
ultrasound gating device '° and compressed sensing reconstruction was performed using spatial and
temporal regularization weights of 0.001 and 0.05 respectively. 4D in utero images were visually
inspected using Circle (cvi42, Circle Cardiovascular Imaging, Calgary, Canada).

Results

Bulk fetal movement is well visualized by real-time reconstructions (Fig.3a) of the in silico data,
as shown in transversal, sagittal, and coronal orientations. When compared to the motion-free reference
(Fig.3b), this movement leads to significant blur in the uncorrected images. Conversely, the motion-
corrected images recover fine details of the heart despite the underlying maternal respiration and gross
fetal movement. Quantitative measurement of image blur corroborates this visual result with corrected
images yielding low amounts of blur (0.5+0.3) relative to the uncorrected image (3.3+0.1).

Fig.4 provides a comparison between uncorrected and motion-corrected images obtained in utero.
A clear improvement in image quality and delineation of the fetal cardiac anatomy is obtained using
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Figure 3. Reconstruction of in silico 3D radial data wherein programmable displacement of
the fetus due to maternal respiration and bulk fetal movement is visualized by a real-time
reconstruction (A). Final reconstructed images are also shown in transversal, sagittal, and coronal
views with (D) and without (C) the proposed motion-correction algorithm in comparison to the ground
truth motion-free reference (B).

Motion correction +
outlier rejection

Uncorrected

Transversal

Figure 4. Reconstruction of in vivo 3D radial data. Images in
transversal, sagittal, and coronal views demonstrated a clear
improved visualization of the fetal heart (green arrows) using
the proposed motion-correction algorithm relative to the
original uncorrected data. Relevant scan parameters include RF
excitation angle: 50°, resolution: (1.5 mm)3, FOV (288 mm)3,
TE/TR: 1.44/2.88 ms, readout bandwidth: 814 Hz/pixel, 87494
radial readouts, and total scan time: ~ 6 minutes.

Sagittal
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Figure 5. Animation of 4D images of the fetal heart using the proposed reconstruction algorithm. Beginning
with a transverse view (left), coronal view (top right), and sagittal view (bottom right), synchronized movement
between the 3 scan planes is shown, highlighting the ability to retrospectively interrogate the dynamic 3D data, finally
reaching a short-axis view in the top right, due to the isotropic spatial resolution provided by this technique.

motion-correction, corroborating the in-silico result. However, streaking artifact originating from the
high maternal fat signal remains. Finally, Fig.5 provides an animation of the final 4D image
reconstructions from in utero data highlighting the ability to retrospectively interrogate the dynamic
anatomy of the fetal heart in arbitrary scan planes due to the 3D isotropic spatial resolution and large
volumetric coverage achieved by this technique.

Discussion and Conclusion

A novel algorithm for motion-corrected dynamic volumetric imaging of the fetal heart was
developed. Its initial use was investigated using a numerical simulation and its feasibility was
demonstrated in utero providing the first ever motion-corrected 4D images of the fetal heart from a
continuous 3D radial acquisition. Further investigation is required to determine the degree of motion
that can be accurately corrected. Additionally, improvements to the acquisition are needed to reduce
artifacts unrelated to motion. Nevertheless, the numerical simulation provided by this work already
creates a tool for exploring the impact of motion, as well as future optimizations. This is all in keeping
with the goal of providing a high resolution volumetric assessment of the fetal heart for continued
improvement in our ability to manage cardiovascular disease discovered in utero.
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Background

Free running 5D flow MRI is a novel technique that enables fully self-gated (cardiac and
respiration) measurement of respiratory resolved blood flow. This may be particularly useful in
patients with venous abnormalities, such as those with a Fontan connection, where respiration is a
known driver of flow'. While previous studies have used 4 respiratory state (RS) bins, it is not clear
how many bins are necessary to characterize respiratory driven flow. The reduction of the number of
RS bins to 2 or 3 would allow for reduced scan time and/or improved image quality (increased number
of k-space per bin). The purpose of this study was to systematically investigate the impact of number
of RS on image quality and ability to measure respiration driven flow changes.

Methods

5D flow MRI?, a radially sampled, fully self-gated scan, was acquired in 5 patients with congenital
heart disease who received ferumoxytol for a clinically indicated CMR study. All data sets were
reconstructed with 2, 3 and 4 RS bins (9 bins per patient) where each reconstructed bin is a full 4D
flow data set (TR=40ms, spatial resolution=2x2x2 mm). 5D flow data analysis included background
phase correction, velocity anti-aliasing and quantification of net flow across 2D planes at the following
anatomic locations: main pulmonary artery (MPA) or left and right pulmonary arteries (LPA and RPA)
in subject 2, ascending aorta (AAo), descending aorta (DAo) at the level of the MPA, inferior vena
cava (IVC), and superior vena cava (SVC), bilaterally if applicable. The range of the net flow (max
flow-min flow) was measured for each vessel in each reconstruction. Image quality was qualitatively
assessed between reconstructions.

Results

One patient was excluded due to poor image quality. The remaining cohort (10.8+5.3y, 1 female)
is described in Table 1. Example images for subject 4 are shown in Fig.1a-f. These demonstrate
improved image quality, as evidenced by qualitatively sharper vessel boundaries, when reconstructed
with fewer RS bins. With respect to respiratory resolved net flow, the trend for respiration driven
changes was consistent within each patient across the 3 reconstructions (ex. Fig.1h-i). Across all
subjects and vessels, there was a significant decrease in the range captured between the 4 bin and the
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2 bin reconstructions (3.2mL p<0.001, Fig.2), but flow changes were similar between the 4 bin and 3
bin reconstructions (1.4mL decrease, p=0.054, Fig.2). Similar findings were observed when only caval
veins and MPA, which have expected respiratory driven flow, were included in the comparison
(4.1mL, p=0.005, Fig.2).

Subject  GA Age(y) Gender Anatomy

1 Y 29 M Partial anomalous pulmonary venous return and large superior sinus
venosus septal defect with left to right shunting

2 N 139 M Hypoplastic left heart syndrome status-post Fontan procedure and
coarctation of the aorta

3 N 13.7 M Loeys-Dietz Syndrome status-post valve sparing aortic root
replacement for aortic root dilation

4 N 12.5 F Closed superior sinus venosus ASD, partial anomalous pulmonary

venous return status-post warden procedure, left SVC patent and drains
to coronary sinus

Table 1. Summary of cohort included in analysis.

4 Respiratory States

a.RS1

b. RS2

c.RS3

S E—— Pt
RS1 RS4 RS1 RS4
i. MPA Net Flow
J f Legend
5 g Number of bins:
o /. @ 4RS bins
| — W 3RS bins
v ® 2RS bins
RS1T RS4

Figure 1. Magnitude and right-left phase images for subject 4 reconstructed using 4 (a-d)
and 2 bins (e-f). There was increased sharpness in the 2 RS bin reconstructions. Increased MPA
flow was visualized as respiration progressed. Absolute net flow values are reported for each vessel
and reconstruction (g-i).
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Conclusions

The number of RS reconstructed impacts the ability to measure respiration driven flow. Two RS
bins were insufficient whereas respiratory driven net flow differences for 3 bins were equivalent to 4
bins in our small feasibility study cohort. Using 3 RS bins instead of 4 allows for a shorter scan time
or increased data per bin to improve image quality which was qualitatively seen in all patients. Future
studies in larger cohorts are needed to assess reconstruction impact on other flow metrics such as peak
velocity.
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Background

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia. Impaired left atrium (LA)
hemodynamics, slow blood flow velocities and blood stasis, have been implicated in increased risk for
LA thrombus formation and cardioembolic stroke!?. RR-resolved 5D flow is a novel MRI technique
to acquire time-varying 3D anatomic and velocity measures for varied RR-interval durations during
cardiac arrhythmia (Fig.1)*. LA peak velocities and blood stasis can be measured across a range of RR
interval durations to assess the impact of changes of heart rates on atrial hemodynamics. The purpose
of this study was to apply RR-resolved 5D flow MRI in a cohort of AF patients with and without a
history of stroke. We hypothesize that AF patients with prior stroke will have greater impaired RR-
resolved LA hemodynamics (lowered peak velocities, higher LA stasis) than AF patients who have
not had a stroke.

Methods

24 AF patients (68 + 8 years old, 5 female) undergoing cardiac MRI with RR-resolved 5D Flow
were retrospectively enrolled (venc = 100 cm/s, FOV = 250%250x250 mm3, TE/TR = 2.93/4.70 ms,
flip angle= 7°, temporal resolution = 40 ms, spatial resolution= 2.5x2.5x2.5 mm3). 8 AF patients had
a history of stroke and 16 had no stroke history. RR-resolved 5D flow reconstruction included sorting
k-space data based on RR-interval where each RR bin had the same number of RR-intervals (RR1 to
RR4, Fig.1). The RR distribution coefficient of variation (RR-std/RR-mean, CoV) was calculated per
patient. RR-resolved 5D flow data analysis included background phase correction, velocity anti-
aliasing, and manual 3D segmentation of the LA (Mimics, Materialise, Belgium). Blood stasis was
calculated per voxel as the percentage of cardiac time with absolute LA velocity < 10 cm/s and then
averaged over the segmented LA region to determine mean stasis. Peak velocities were calculated as
the mean of the top 5% of velocities. T-test or Wilcoxon ranksum test was used to determine significant
differences (a = .05).

Results

The RR variability during acquisition was similar between stroke and no-stroke groups (RR
distribution CoV not significantly different between groups, 0.18 £0.10 vs 0.14 + .07, p = 0.34). RR-
resolved 5D flow derived mean stasis and peak velocities demonstrated trends, though non-significant,
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for lowered peak velocities (represented in Fig.2) and higher stasis per RR bin comparison for the
stroke history AF subgroup compared to the no stroke AF subgroup (Fig.3). Stasis and peak velocity
percent differences between groups ranged from 4% to 16%. Largest differences were observed for
RR1 bin between AF stroke history vs no stroke history for peak velocity (0.21 = 0.04 m/s vs 0.24 +
.05 m/s, 16% percent difference, p = 0.10) and stasis (69 = 12% vs 66 = 14%, 11% percent difference,
p=0.17, Fig.3).

A RR-Resolved 5D Flow Free Running, Self Gated Acquisition
Arrhythmic
Cardiac A A l\ A A l A
signa \/ |/ \/ r
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with 4 different RR reconstructions

Figure 1. A) RR-Resolved 5D Flow is a free running acquisition that retrospectively determines RR interval duration and
cardiac time frames. B) 3D time varying velocity is encoded through bipolar gradients. C) RR-durations are sorted into 4
RR-bins (RR1 to RR4) for reconstruction. D) Stasis (shown: 2D axial maps) and peak velocity are derived per bin.
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Figure 2. RR-resolved left atrial (LA) peak velocity maps (sagittal maximum intensity
projections) for AF patients with stroke history (top) and no stroke (bottom). Most pronounced
differences in LA velocities were seen for the shortest RR-interval duration (RR1 bin) with
diminishing differences for longer RR-intervals (RR2-4 bins).

Conclusions
We demonstrated a trend towards lowered LA peak velocities and higher stasis in AF patients with
a stroke history compared to those with no stroke history. Largest, though still non-significant, percent
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differences were in shorter RR intervals (RR1 bin) likely to be either rejected or averaged with less
discriminatory heartbeat hemodynamics by other non RR-interval resolved acquisitions. This study
was limited due CoV heterogeneity with more patients needed for further rhythm (maintaining sinus
v acquisition) stratification and examination.
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Figure 3. Left atrial peak velocity (top) and mean stasis (bottom) boxplots per RR bin for AF patients with stroke
history (n =8, blue circles) and with no stroke history (n = 16, red diamonds). Absolute mean percent differences are shown
with p- values. Peak velocities trended lower and stasis trended higher for AF patients with prior stroke.
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Synopsis

The flexible reconstruction of 5D flow MRI data may be particularly beneficial in pediatric cases
where cardiac cycle length varies greatly. We compared flow measurements from 5D flow and 2D
phase contrast. SD flow data was reconstructed using either a cardiac bin width of 40ms or that
matching the 2D phase contrast reconstruction. We find excellent correlation of both 5D flow
reconstructions with 2D phase contrast. There is overestimation of arterial flow measures by 5D flow,
with most overestimation by the short temporal resolution reconstruction. Further study should
additionally compare with 4D flow MRI.

Introduction

Free-running 5D flow MRI is a novel technique that enables fully self-gated cardiac and respiratory
motion-resolved measurements of blood flow over a 3D volume!. Data acquisition utilizes highly
accelerated radial k-space sampling, followed by sorting of k-space lines in flexible user defined
cardiac and respiratory bins, and subsequent compressed sensing reconstruction (5D = 3D + cardiac
time + respiration). Several previous 5D flow studies have used similar cardiac temporal resolution -
approximately 40ms, and 4 respiratory states (end-expiration to inspiration)>*. However, the impact
of the selection of the 5D flow cardiac temporal resolution on the accuracy of flow quantification has
not been systemically investigated. Since 5D flow is a useful tool in studying congenital heart disease
(CHD), such as single ventricle physiology!, this may be particularly relevant in young pediatric
patients with known higher heart rates. It is thus important to investigate the impact of cardiac phase
resolution on flow measurement in the pediatric population. We aimed to investigate whether
increasing the temporal resolution in pediatric patients with CHD would improve 5D flow agreement
with the clinically standard 2D phase contrast MRI.

Methods

5D flow MRI? was acquired in 6 patients with CHD who received ferumoxytol during a clinically
indicated cardiac MR study. All patients received 2D phase contrast (PC) MRI in at least two vessels.
2D-PC MRI (spatial resolution: 1.1-1.3x1.1-1.3mm, temporal resolution: 16.1-28ms, venc: 80-
250cm/s) was acquired over 1 minute during a breath hold if under general anesthesia or free breathing
otherwise and the images were retrospectively cardiac gated using EKG (Fig.1a). Each 5D flow dataset
(FOV: 150-200x150-200mm, spatial resolution: 1.5mm-2mm isotropic, venc: 150cm/s) was
reconstructed twice: once with 40ms cardiac temporal resolution (Ts) and once with a higher temporal
resolution, matching that of the 2D-PC MRI reconstructed images (herein called short T
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reconstruction). 2D-PC temporal resolutions are listed in Table 1. All 5D-flow reconstructions used
4respiratory states (RS, Fig.1b). Net flow and peak flow were measured in each vessel with a
corresponding 2D-PC MRI measurement (Fig.2a) using commercial software (Circle CVI, Calgary,
Canada). Bland Altman analysis was used to assess agreement between 2D-PC and each of the RS
bins of5D flow MRI. Results were reported as percent difference bias + limits of agreement (LOA).
Data was stratified on vessel type (vein/artery).

a. < )
o Magnitude
fg Retrospective EKG
> — gating Net Flow
2 (acquired TR = 18.9- Peak Flow
a 29.4ms) oo
~N 1
e - c. Localize plane
RS1 RS2
b 5e|f.gated -expirati (end-inspiration)lso““lS
5 Cardiac Binning |
:-'é' Respiratory (recon T, = match 2D)
g_ +— binning -150cm/s
o (4 states) 150cm/s
g Cardiac Binning
s (recon T, = 40ms) Net Flow
asoemys | Peak Flow

Figure 1. Acquisition, reconstruction, and analysis workflow schematic. 2D phase contrast (a) was acquired
with retrospective EKG gating and net flow and peak flow were measured. 5D flow acquisition (b) was followed by
off-line reconstruction using 4 respiratory states (RS) and a Ts= 40ms and with a temporal resolution matching that of
the 2D phase contrast acquisition (short Ts reconstruction). Cross-referenced MR angiograms (¢) were used to localize
the 2D acquisitions to enable flow measurement in the comparable location in the 5D flow MRI data set.

Age G 2D-PC Locations with

Sub | GA (yrs) recon T, (ms) 2D-PC

Anatomy

Partial anomalous pulmonary venous return
1 Y 29 M 27.2 AV, PV and large superior sinus venosus septal
defect with left to right shunting
Hypoplastic left heart syndrome status-post

AV, LPA*, .
2 N 139 M 28.0 IVC, SVC Fontan procedure and coarctation of the
aorta
Loeys-Dietz Syndrome status-post valve
3 N 137 M 16.1 AV, PV sparing aortic root replacement for aortic
root dilation
Closed superior sinus venosus atrial septal
defect, partial anomalous pulmonary
4 N 125 F 18.1 AV, E\PZALPA’ venous return status-post warden
procedure, left SVC patent and drains to
coronary sinus
AV, LPA, RPA, Double inlet left ventricle, status-post
S LS M e IVC, SVC, DAo pulsatile Glenn procedure
6 % 7 M 208 AV, PV, LPA, Left pulmonary artery sling, status-post
RPA repair

Table 1. Summary of cohort included in analysis (GA=general anesthesia, G=gender, Ts= temporal resolution).
Anatomical Abbreviations: AV — above aortic valve, PV — above pulmonic valve, LPA — left pulmonary artery, RPA —
right pulmonary artery, IVC — inferior vena cava, SVC — superior vena cava, DAo— descending aorta. *RPA 2D-PC was
acquired incorrectly in the LPA and was excluded.
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Figure 2. Planes were placed on a SD flow derived 3D MR angiogram to correspond with 2D-PC plane placement
(a). Example flow curves from subject 5 are shown for arteries (b) and veins (c¢) measured. Net flow, area under the curve,
and peak flow, marked by a star, were measured. Initial Bland-Altman analysis is stratified by venous vs arterial
measurement. Anatomical Abbreviations: AV — above aortic valve, LPA — left pulmonary artery, RPA — right pulmonary
artery, IVC — inferior vena cava, SVC — superior vena cava.

Results

The study cohort (8.7+5.4yrs, 1 female, HR: 91+22 bpm) demographics are described in Table 1.
Flow curves for subject 5 are shown in Fig.2, demonstrating the distinct difference in flow for arterial
and venous measurements. In arteries, we found that both 5D flow reconstructions significantly
overestimated 2D-PC net flow. Further, the short Ts reconstruction overestimated arterial peak flows
in all RS bins (Table 2). Correlation of 5D flow with 2D-PC MRI was excellent in arterial measures
(R%2>0.91). In veins, there was no significant bias for any reconstruction or metric. Good correlation
was seen in venous measures (net flow: R?> 0.72; peak flow: >0.97). Across both metrics and vessel
types, RS3 had the narrowest average LOA for the short Ts 5D flow reconstruction whereas RS2 had
the narrowest average LOA for the 40ms reconstruction (table 2). Bland-Altman plots from RS3 are
shown in Fig.3.

When comparing the 5D flow reconstructions, we found that the short Ts reconstruction had an
average percent increase of 8.6% in net flow and 10.4% in peak flow. There was excellent correlation
between the reconstructions in all bins (R?>0.97).

Discussion

We demonstrate that in a cohort of pediatric CHD patients, SD flow derived net flow and peak flow
had excellent correlation with 2D-PC measurements. Overall, we observed few significant biases in
the 40ms reconstruction whereas the short Ts reconstruction generally overestimated arterial flow
measures. This overestimation may be due to reduced smoothing in the signal over time or may be due
to the compressed sensing (CS) being poorly tuned to reconstruction on cardiac bins with fewer lines
of acquired k-space. We also found that RS2 and RS3 had the narrowest LOAs for arterial and venous
measures, suggesting that these bins may most closely match the 2D-PC MRI respiratory state. This
study was limited by its heterogeneous cohort and variable velocity encodes and breathing status
during 2D-PC acquisition. Additionally, it faces the inherent challenge of exactly replicating the places
from 2D-PC acquisition within the 3D volume of the 5D flow data. Future work should include a larger
cohort, emphasizing inclusion of venous measurements, and comparisons to 4D flow MRI.
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TS
40 ms
Net
Flow
(mL)
Short T,
40 ms
Peak
flow
(mL/s)
Short T,

RS1

5.4+24.0
(0.94%*x)

7.2423.0°
(0.96***)

12.4+98.8
(0.96%**)

38.0+130.8"
(0.96%**)

Arteries (n=18)

RS2

4.1424.4
(0.93**x)

6.0£26.7
(0.91***)

9.0£52.8
(0.97%*%)

19.2+110.1
(0.94%*x)

RS3

6.0£26.8
(0.93***)

6.8+21.2"
(0.95%*%)

-5.2+64.5
(0.96***)

22.6480.6"
(0.97**%)

RS4

6.1+22.7°
(0.95%**)

7.6+22.7°
(0.95%**)

0.8+64.2
(0.96***)

23.9491.7°
(0.97***)

Veins (n=4)

RS1 RS2 RS3 RS4
0.7t7.4 0.1+10.3 -1.1+3.3 -2.0+6.9
(0.75) (0.72) (0.94%) (0.87)
0.5+8.1 1.3+7.8 1.1+7.2 1.2+9.7
(0.73) (0.75) (0.92*) (0.92*)
0.0+4.9 1.5+8.4 -4.4+7.0 -4.0£5.7
(0.98**) (0.98%) (0.98**) (0.98*)
0.746.5 3.546.4 3.3+£10.1 0.4+11.1
(0.99**) (0.98*) (0.99**) (0.97*)

Table 2. Bland Altman results are reported as absolute difference bias + limits of agreement (LOA) where a
positive bias indicates overestimation by 5D flow. The R? for the linear regression is reported in parenthesis. The
analysis was performed separately for venous and arterial measures. Both 5D flow reconstructions overestimated
arterial net flow and the short Ts reconstruction additionally overestimated arterial peak flow. Asterisks indicates a
statistically significant bias or R?. Bolding indicates significant bias. P-value legend: * p<0.05, ** p<0.01, ***

p<0.001.
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Figure 3. Bland-Altman plots comparing 2D-PC to the third respiratory state (inspiration) of 5D flow.
Comparison with the 40ms reconstruction and short Ts reconstruction are shown for both net flow and peak flow. Bias +
limits of agreement (LOA) are reported in bottom of each plot.

Conclusion

Pediatric patients have a wide range of heart rates, and thus may benefit from the flexible
reconstruction of 5D flow MRI to ensure sufficient cardiac phase resolution. We demonstrated that, in
a heterogenous cohort of pediatric CHD patients, both standard 40ms and reduced T reconstructions
had excellent agreement with 2D-PC. However, there is additional significant bias in the short Ts
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reconstruction compared to the standard 40ms reconstruction. It is unclear if these biases reflect
uncaptured flow in the clinical-standard and these differences will require further investigation.
Acknowledgements
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Synopsis

RR-resolved 5D flow is a novel MRI technique that can acquire time-resolved 3D hemodynamics
for varying RR-interval durations during atrial fibrillation (AF) (5D = 3D + cardiac time + RR-interval
duration). The purpose of this study was to apply RR-resolved 5D flow MRI in a cohort of AF patients
with and without a prior history of stroke. We saw significantly lowered left atrial peak velocities and
trends toward higher atrial blood stasis in AF patients with previous stroke history vs no previous
stroke history who underwent arrhythmia during MRI acquisition. RR-resolved 5Dflow may be a
promising approach for cardiovascular imaging in arrhythmic patients.

Introduction

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia'. Impaired left atrial (LA)
hemodynamics, slow blood flow velocities and blood stasis, are implicated in increased risk of
thrombus formation and cardioembolic stroke in AF patients??. Echocardiographic and 4D flow MRI
have shown atrial velocities in AF patients with cardiac arrhythmia are lower compared to AF patients
maintaining sinus rhythm. However, each modality has limitations: echocardiography lacks 3D
volumetric coverage to fully capture complex LA flow dynamics; atrial 4D-flow MRI is ill-suited to
study beat-to-beat flow changes during arrhythmia®°. RR-resolved 5D flow® is a novel MRI technique
with inherent self-gating that can acquire time-resolved 3D hemodynamics for varying RR-interval
durations during cardiac arrhythmia (5D = 3D + cardiac time + RR-interval duration, Fig.1).Peak
velocities and blood flow stasis are measured across a range of RR intervals, assessing the impact of
varying heart rates on atrial 3D hemodynamics. The purpose of this study was to apply RR-resolved
5D flow MRI in a cohort of AF patients with and without a prior history of stroke. We hypothesize
that 1) variable RR-interval duration during arrhythmia will impact atrial flow measures and 2) AF
patients with prior stroke will have impaired RR-resolved LA hemodynamics (lowered peak velocities,
higher LA stasis).

Methods

32 AF patients (Table 1) undergoing cardiac MRI with RR-resolved 5D Flow were retrospectively
enrolled (1.5T, venc=100 cm/s, FOV=250%x250%250mm3, TE/TR =2.93/4.70ms, flip angle=7°,
temporal resolution=40ms, spatial resolution=2.5x2.5x2.5 mm3). 16 AF patients had a history of prior
stroke (stroke+) and 16 had no previous stroke history (stroke-).

RR-resolved 5D flow reconstruction used a self-gating algorithm to retrospectively identify RR-
interval duration and cardiac state (Fig.1A) for each k-space line. A RR-interval duration histogram
(Fig.1C) was constructed where all unique RR-interval lengths were sorted from shortest to longest.
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Parameter Stroke History No Stroke History
Number 16 16
Age (years) 707 65+8
Sex 14 Male, 2 Female 12 Male, 4 Female
Race 9 Caucasian, 7 African American 14 Caucasian, 2 African American
RR Distribution
Coefficient of Variation 17 .08 A5+ .07

Table 1. Patient Demographics and Coefficient of Variation distributions.
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Figure 1. A) RR-Resolved 5D Flow is a free running acquisition that uses a self-gating algorithm to retrospectively
determine RR-interval duration and cardiac time frames. B) 3D time varying velocity is encoded through bipolar
gradient encodings. C) RR-interval durations are sorted into 4 RR-bins (short to long) for the reconstructions of four
sets of cardiac time-resolved velocity data per RR-bin. D) Hemodynamic parameters such as 2D axial mean stasis
projection maps are derived for each RR-interval duration RR1 to RR4.

Four non-overlapping RR-interval bins, where each bin had the same number of RR-intervals, were
reconstructed using compressed sensing. Imager construction resulted in four sets of 5D flow MRI
data sets representing four RR-intervals durations (RR1 to RR4, Fig.1D)S.

To quantify heart rate variability during acquisition, the RR-interval histogram (Fig.1C) was used
to calculate the RR-interval duration coefficient of variation (RR-std/RR-mean, CoV) for each patient.
To account for heart rate variability differences, patients were classified as high heart rate variability
(HRV-high) or low heart rate variability (HRV-low). From previous results for detecting AF via RR
histograms and CoV’, HRV-high was defined as a CoV of 0.15-0.32, and HRV-low was defined as
CoV less than 0.15. Two patients were excluded due to elevated CoV (> 0.40, possibly linked to non-
AF arrhythmias) and one patient for poor image and data quality.

RR-resolved 5D flow data analysis included pre-processing of each RR bins data set (Fig.2). The
LA was manually segmented from a derived phase contrast angiogram from RR3 bin (Mimics,
Materialise, Belgium) and used for each RR bin. Blood stasis was calculated per voxel (percentage of
cardiac time velocity < 10 cm/s) and mean stasis over the entire LA was calculated for each RR bin.
Peak velocities were calculated as the mean of the top 5% of velocities to mitigate noise. Stasis and
peak velocities were visualized by mean and maximum intensity projections (MIPs) and were
compared between stroke+ and stroke- cohorts for high and low heart rate variability (Fig.3). Mean
absolute percent differences between RR1 stasis and peak velocities and RR3 and RR4 were calculated
within each patient for HRV-high and HRV-low stroke+ and stroke- groups.
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RR-Resolved 5D Processing Pipeline and Hemodynamic Quantifications
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Figure 2. Following extraction of self-gating signals, sorting of data into 4 RR- 1nterva1 bins (RR1 to
RR4), and CS image reconstruction, RR-resolved 5D flow MRI data underwent pre-processing (eddy current
correction, velocity antialiasing) for each RR bin. The left atrium was segmented from the 5D flow MRI data
for one RR bin using commercial software (Mimics, Materialise, Belgium) and used as static segmentation
mask for all RR bins. Peak velocity and stasis maps were created for each RR bin and used to calculate mean
LA stasis and LA peak velocity.

Results

CoV analysis identified 13 patients with marked cardiac arrhythmia (HRV-high: 6 stroke+ and 7
stroke-) and 16 patients with low heart rate variability (HRV-low: 8 stroke+ and 8 stroke-). HRV-high
had larger RR-variable differences (RR1 vs RR3/4) ranging from 9-18% mean absolute percent
differences for peak velocity and stasis vs HRV-low RR (5-14% mean absolute percent differences).
RR-resolved 5D flow demonstrated, overall, trends for lowered peak velocities and higher stasis per
each RR bin in HRV-high and HRV-low for stroke+ and stroke- cohorts. More pronounced differences
in LA flow measures were seen for shorter RR-interval bins (RR1,RR2) with significantly reduced
peak velocities for HRV-high stroke+ vs. stroke- AF patients (0.21£0.04 m/s vs. 0.27+0.05 m/s,
p<0.05). Stasis and peak velocity differences ranged from 8%-16% for stasis and 9-33% for peak
velocity in the HRV-high cohort and 11-18% for stasis and 2-10% for peak velocity in the HRV-low
cohort.

Discussion

The findings of this study demonstrate that RR-resolved 5D Flow MRI was sensitive to detect
changes in RR-interval dependent LA hemodynamics which may yield important information for
understanding risks for atrial thrombus formation in patients with varying heart rates. Largest
differences in peak velocity and stasis were observed between stroke history groups in the HRV-high
cohort, potentially signaling an effect of arrhythmia, itself, on atrial hemodynamics and thus
thromboembolic risk.
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Velocity and Stasis MIPs 2 Patients with different Stroke History
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Figure 3. RR-resolved left atrial (LA) peak velocity (PV, top) and stasis (below) maps (sagittal maximum
intensity projections) for two AF patients with and without history of embolic stroke. In the individual patient, the
impact of arrhythmic changes in heart rate on atrial flow measures is clearly evident (peak velocity and stasis difference of
up to 8cm/s and 11% between RR interval bins). Most pronounced stroke+ vs. stroke- differences in LA velocities were
seen for the shortest RR-interval duration (RR1 bin) with diminishing differences for longer RR-intervals (RR2-4 bins).

Peak Velocity (m/s) per RR-Resolved Bin Peak Velocity (m/s) per RR-Resolved Bin
For High Heart Rate Variability For Low Heart Rate Variability
Stroke (@ ) and No Stroke (+) History Stroke ( ® ) and No Stroke (#) History
o
i
o * f T -
% i
! +
> 1 LAl D § s E:] :
% * ! - | m
3 Eg ! Q [9 ii i
> ! 1 b 2 I
+ + + 4
- | !
o + +
= |p=0.04|| p=0.14 || p=0.54 || p=0.91| |p=0.30/|p=0.23 || p=0.47 || p=0.42
o

RR1Bin RR2Bin RR3Bin RR4Bin RR1Bin RR2Bin RR3Bin RR4 Bin

Stasis(%) per RR-Resolved Bin For Stasis(%) per RR-Resolved Bin For
High Heart Rate Variability Low Rate Variability
Stroke ( @) and No Stroke ( ) History Stroke ( ® ) and No Stroke (4) History
o
e -
- . : !
m [:‘] i : 3
— 4 + & by -
X [$] A +
% . . H[[s] EE]
o . : ﬂ IR
%] . P 1 + . ! .
v s i i
+ i +
S |p=0.12|| p=0.15 || p=0.53 || p=0.54| |p=0.09|| p=0.35 || p=0.37 || p=0.07

RR1Bin RR2Bin RR3Bin RR4Bin RR1Bin RR2Bin RR3Bin RR4Bin

Figure 4. Left atrial peak velocity (top) and mean stasis (bottom) boxplots per RR bin for HRV-high (left) stroke+
(n = 6, blue circles) and stroke- (n = 7,red diamonds) and HRV-low (right) stroke+ (n=8, blue circles) and stroke- (n=8,
red diamonds). Peak velocities were significantly lower for HRV-high stroke+ AF patients than stroke- AF patients (p <
.05). Stasis trended higher for stroke+ AF patients than stroke- for all RR bins and HRV but was not significant.
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Conclusion

RR-resolved 5D flow detected differences in LA flow for different RR-interval durations where
most pronounced stroke vs no stroke differences for peak velocity and stasis were observed for RR1
bins. These RR-resolved difference cannot be detected by conventional 4D-flow imaging. RR-resolved
5D flow may thus be a promising novel approach for cardiovascular imaging in arrhythmic patients
with potential to improve stroke risk.
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Synopsis

Recently, a free-running 5D flow framework was introduced and validated. However, some 5D
flow MRI is based on 3D radial imaging, which is limited by reduced SNR that can result in challenges
with 3D segmentation. A number of previous studies have investigated automatic segmentation for 4D
flow MRI, however these have been traditionally optimized for Cartesian datasets, which are typically
acquired over much smaller spatial matrices and cover only one respiratory position. The purpose of
this study was thus to adapt and expand a deep-learning framework to cardiac 5D flow MRI data for
automatic segmentation of the thoracic aorta.

Introduction

Recently, a fully self-gated, 3D radial, free-running 5D flow (4D flow + respiration) framework
was introduced and validated for the assessment of respiratory and cardiac motion-resolved 3D
hemodynamics!?. While 5D flow MRI attempted to address traditional limitations associated with
respiration control, ECG gating, and scan inefficiency, it is based on 3D radial imaging, which is
limited by reduced SNR that can result in challenges related to data post-processing such as the 3D
segmentation of cardiac chambers and vessels. Manual 3D segmentation of the thoracic aorta, for
example, can take up to 20-30 minutes, and in 5D flow imaging, needs to be repeated for each
reconstructed respiratory time point. A number of previous studies have investigated 3D
autosegmentation for 4D flow MRI, however these have been traditionally optimized for Cartesian 4D
flow datasets, which are typically acquired over much smaller spatial matrices and cover only one
respiratory position®*, Kolarik et al. recently introduced an open source 3D Dense-U-Net network that
was optimized for high-resolution datasets on accessible hardware, with 99% accuracy on
autosegmentation of anatomic brain MRI and thoracic vertebrae CT datasets®. The purpose of this
study was thus to adapt and expand this framework to cardiac 5D flow MRI data for deep learning-
based automatic segmentation of the thoracic aorta for evaluation of respiratory and cardiac-resolved
hemodynamics.

Methods

The study included 20 previously described patients with aortic valve/aortic disease who underwent
a prototype 5D flow MRI scan (mean age, 49 £17 years, 18 men, ~8 minute scan time)?. 5D flow MRI
(vx, vy, vz + cardiac + respiration) data can also be considered as four separate 4D flow (vx, vy, vz +
cardiac) datasets corresponding to four different respiratory positions. A cardiac time point-averaged
3D phase-contrast MRA was calculated using both magnitude and velocity data (Fig.1a) for each

193



respiratory phase (Respl-4, end-expiration to end-inspiration) and used to manually segment the
thoracic aorta. In total, 4 x 20 patients = 80 aorta segmentations were thus available as labeled ground
truth data for network training and testing. A 3D Dense U-Net (Fig.1b) was trained on an Alienware
m17 R3 personal laptop with 6 cores, 16 Gb RAM, and Nvidia GeForce RTX2070 GPU. 16 patient
datasets were used for training, while 4 were used for testing. Respiratory phases were treated as
separate datasets (i.e., 16patients*4 respiratory phases = 64 datasets used for training, 4 patients*4=16
for testing). Dice similarity coefficients (DSC) were used to evaluate segmentation accuracy.
Hemodynamic parameters based on both manual and automated segmentations were evaluated using
2D peak systolic velocity maximum intensity projections (MIP, Fig.4a), where peak systolic velocities
were calculated in the ascending aorta (AAo), arch, and descending aorta (DAo) for all testing datasets.
Time-resolved absolute velocity time curves were calculated by averaging the absolute velocity

(/V# + v§ + vZ) over the entire segmentation volume, and plotting this value for each cardiac time
point (Fig.4b).

a. 3D PC-MRA: 96 x 96 x 96 b. c.
" (R Input

15

Conv 42

6x6x6
Conv 11 H Conv 12 .

Figure 1. Analysis workflow. (a), 3D phase-contrast MR angiogram (PC-MRA) was calculated from velocity and
magnitude data and fed as the inputinto a dense U-Net model (b). U-Net architecture (adapted from figure 6 from Koralnik
et al.) Residual interconnections are represented by greenlines, dense connections blue. Sigmoid activation was used on
the output network layer, and thus all pixels with values <0.5 were labelled as 0 and> 0.5 as 1 for a binary mask output (c).
Note: example autosegmentation in this figure is for one respiratory position (end-expiration).
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DSC scores across all test sets

Patient 1 | Patient 2 | Patient 3 | Patient 4 Figure 2. DSC scores across all 4
Resp 1 (End 0.79 0.84 0.82 0.82 |patient test sets. DSC scores were
expiration) consistent across all respiratory phases,
Resp 2 0.79 0.84 0.83 0.78 |with potentially a slight decrease in
Resp 3 0.80 0.83 0.81 0.81 performance for end-inspiration.
Resp 4 (end 0.78 0.83 0.78 0.80 Manual segmentation of the thoracic
. - aorta served as the ground truth data.
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Figure 3. Deep learning-based automatic segmentation (AutoSeg) versus manual
results. (a-d), segmentation results for all respiratory positions fora single representative
patient. Note the protrusion at the posterior view near the aortic root (a). (e-h), segmentation
results for all four test patients for at end-expiration (Respl). The black box represents
cropping of distal DAo for subsequent hemodynamic quantification comparisons.

Results

The 3D Dense U-Net architecture was adapted to 5D flow data and trained in a single batch for 50
epochs (training time=35.6 minutes). Automated segmentation of all testing datasets was performed
in 5.7 seconds. DSC scores for all patients and respiratory phases ranged from 0.78 to 0.83 (Fig.2).
End-expiratory (Resp1) automated and manual segmentations for all patients in the testing group are
shown in Fig.3b. Automated segmentations tended to crop the distal DAo relative to manual
segmentations. Thus, manual segmentations were cropped to comparable points of the distal DAo for
quantitative comparisons (Fig.3e, black box).

Peak velocity MIPs showed excellent visual agreement between automated and manual
segmentations (Fig.4a). Regional peak velocities also showed good-to-excellent agreement between
automatic and manual segmentations (auto vs. manual, AAo: 2.56+0.47 m/s vs. 2.56+0.44 m/s ,
Arch:1.12+£0.26 vs. 1.13 +0.25, DAo: 1.16+£0.31 vs. 1.16+£0.30, p>0.05). Bland-Altman analysis
demonstrated increasing limits of agreement (LOA) from AAo to DAo (Fig.5). Autosegmentation-
derived absolute velocity showed good agreement over velocity time curves (Fig.4b). Bland-Altman
analysis of absolute velocity over all patients further demonstrated good agreement (Fig.4c), but a
statistically significantly decrease over all respiratory phases and time points compared to manual
segmentation (auto: 0.267+0.163 m/s, manual: 0.275+0.168 m/s, p<0.05).
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lines represent mean bias, with red dotted lines representing limits of agreement.

a.
— Bland Altman Peak Velocity AAo[ o Respi
X20r o Resp2
15+ O Resp3
S © Resp4
C1of -0.6% + 6.0%
§5F T T T T LT T e T T T T
(0] °
Eo - o
S5L o ____ .
G-10} °
€
515t
320 . . . ;
&5 2 25 3 35
b Mean (m/s)
€20, Bland Altman Peak Velocity Arch
g 15t 1.6% + 8.0%
Pl [ .o
g5t 0 E
E 0} 3 .3 o o o
S5t °
ol ______.
S-10f
o5k
3-20 s - s
- 05 1 15
Mean (m/s)
c.
L0 Bland Altman Peak Velocity DAo
gwr . ___°__ _04%*13.7%
:_ 10 L
[=4 o ©
35 0
£, . —
g 5t
é 10 o o Figure 5. Bland-Altman of peak velocities for AAo (a), Arch
D o __ (b), and DAo (c). Black solid line represents mean bias, with red
3.2 ‘ . dotted lines representing limits of agreement, with numerical values
) 0.5 15

196

1
Mean (m/s)

represented in percentage on the top right corner of each plot.



Discussion/Conclusions

This study demonstrated the feasibility of expanding a 3D Dense U-Net for fully automated 3D
segmentation of 5D flow MRI data for investigation of cardiac and respiratory-resolved
hemodynamics on commercially available hardware. While mean absolute velocities tended to be
underestimated by the autosegmentation, this underestimation was well within 10% of the manually-
derived values. In addition, peak velocity LOA was increased in the DAo, potentially due the fact that
peak velocities in the distal aorta are often closer to the vessel wall, increasing susceptibility to eroded
contours as well as segmentation size.

While the initial results are promising, this study was limited by the small sample size. In addition,
high pressure systems like the thoracic aorta are not primarily influenced by respiratory variation, with
major respiratory effects seen primarily in the low-pressure pulmonary circulation. Future studies will
include larger sample sizes, K-fold cross-validation, optimization of hyperparameters, as well as
segmentation of additional vascular structures included in the 5D flow MR volume.
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Background

Respiration has been shown to drive hemodynamic changes in healthy individuals' and those with
congenital heart disease (CHD).? However, conventional flow methods are typically limited to
acquisition during a single respiration state (e.g. breath-hold, navigator-gated). 5D flow MRI? is a new,
free-running, and self-gated technique that enables quantification of 3D velocities over both the cardiac
and respiratory cycle. This study aimed to develop a novel physiology-driven respiratory gating
method to assess the impact of respiration in CHD patients using 5D flow MRI.

Methods

22 patients with CHD (17£11 yrs, 45% female) undergoing a clinically indicated CMR with
ferumoxytol were consented for an 8.5-minute 5D flow add-on. The cohort was divided into 3
anatomical subgroups (Fig.1d): single ventricle disease (SVD, n=5), pulmonary artery disease (PA,
n=7), and shunt (n=5). Frequent superior-inferior readouts were used to extract cardiac and respiratory
signals for retrospective gating. Using a peak- finding algorithm (Fig.1b), the 5D flow MRI data was
sorted into 4 respiratory states (RS): end-expiration, end-inspiration, active inspiration, and active
expiration. Net flow was measured at the following locations (Fig.1¢): ascending aorta (Ao), main
pulmonary artery (MPA), left and right pulmonary arteries (LPA & RPA), and inferior and superior
vena cava (IVC & SVC). The range of net flow over respiration was normalized to the mean over
respiration. Median flow curves were normalized to end- expiration.

Results

Overall, the caval veins (IVC & SVC) had larger respiratory driven flow changes than the
pulmonary arteries (MPA, RPA & LPA) and aorta (40% vs 17% & 12%, p<0.001). The pulmonary
arteries had larger flow changes across the 4 RS than the Ao (17% vs 12%, p=0.008; Fig.2b). In sub-
group analysis, we found that the Ao of SVD patients had less respiratory driven flow than the
pulmonary arteries and caval veins (9% vs 34% & 51%, p<0.01). In shunt patients, respiration had a
larger impact in the caval veins than the pulmonary arteries and the Ao (28% vs 13% & 11%, p<0.01,
Fig.2a). We also noted that, in the IVC of SVD and shunt patients (Fig.3d), active inspiration had a
large, positive percent change in flow while active expiration had a large, negative percent change.

Discussion

We demonstrated a novel respiratory gating method, based on physiologic respiratory phases, was
able to detect respiration driven flow changes in CHD patients. We found that pulmonary arteries and
caval
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Figure 1. Methods overview. The prototype respiratory gating method (a) used the signal magnitude and is shown
for reference. The newly proposed method used in this study (b) uses physiologic respiratory phases for each
individual breath. Locations of 2D, time resolved ROIs to measure net flow in a Fontan patient (c) are shown and
additional details for the 3 anatomical subgroups are given (d).

Respiration driven net flow changes

a. Anatomical subgroups (n=17) b. Total Cohort (n=22)
T T T T T I T T T
200 * p<0.017
ok x ** p<0.008 * % %

180 | *** p<0.0008 H * % ’—\
<
X *x ok
3 160 r . 1
[3) * %
&= H
140 xx | .
< ]
£120 + * % ! 4
@ }
Qo _— i
& 100 - ! ; |
A o | 1
(&) | L=
-g 80 T
= - e
o 60 ! J -
o i | —

" I ! |
40 i [ :
e el iodls o &
: =5 = e — — == \TJ — 1
SVD Shunt PA SVD Shunt PA SVD Shunt PA Aorta Pulmonary Arteries Caval Veins
Aorta Pulmonary arteries Caval veins Total cohort

Figure 2. Degree of respiration driven changes in net flow in each anatomical subgroup (a) and in the total cohort
(b). Asterisks indicate significance of comparison.

veins had more respiratory driven flow than the aorta. Additionally, we found that anatomy played a
role. In shunt patients, pulmonary arteries did not have more respiratory driven flow than the Ao, but
in SVD patients, where the pulmonary arteries are passively filled, there was a large, significant
difference. We also found that in many cases, the change in flow during active inspiration and

expiration were opposite. This suggests that the prior method, which grouped data from these phases,
would be inadequate.
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Background

Right heart catheterization (RHC) is the gold standard for assessing cardiac physiology. Cardiac
magnetic resonance (CMR) imaging has not yet been shown to reliably quantify invasive
haemodynamic measures such as pulmonary vascular resistance (PVR), mean pulmonary arterial
pressure (mPAP) and mean pulmonary arterial wedge pressure (mMPAWP). This study aimed to derive
these variables using CMR and supervised machine learning (SML).

Methods

Patients undergoing RHC were recruited for same-day CMR sequences involving cine imaging, 2D
flow, 5D flow (respiratory gated 4D flow), T1/T2 mapping, and lung water density. The dataset was
split into training and test components. Cross validation was used to tune models. Generalised linear
regression and decision-tree analyses using XGBoost were performed in R.

Results

100 patients underwent same-day RHC and CMR. The mean age was 5717 years, 68% female.
Pulmonary hypertension (PH) classification: 35 precapillary, 16 combined pre and postcapillary, 20
postcapillary and 29 controls with normal pressures. CMR-derived PVR (mr-PVR) correlated well
with RHC values, with test data from R2 of 0.72 as described in Tab.1. Fig.2 shows the Bland-Altman
analysis for mrPVR. CMR derived mPAP (mr-mPAP) likewise correlated well, with test data R2 of
0.70. CMR-derived mPAWP (mr-mPAWP) achieved an R2 of 0.48 in the test cohort.

Elevated PVR was correctly identified on CMR with an accuracy (ratio n correct predictions:total
predictions) of 1.0 in both the test and train cohorts. CMR was able to classify 3 subtypes of PH or
normal pressures with an accuracy of 0.60 in the train cohort and 0.53 in the test.

Conclusion

CMR-derived pulmonary hemodynamics measures utilising supervised machine learning
algorithms correlated closely with invasive RHC. CMR shows promise to reduce the burden of
invasive RHC.
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PVR MPAP MPAWP

Model
XGBoost XGBoost XGBoost
Train data R? 0.99 0.99 0.94
Train RMSE 5.2 0.75 1.68
Test data R? 0.72 0.70 0.48
Test RMSE 220.2 7.3 5.6

Table 1. Summary of best performing models for PVR, mPAWP and mPAP.
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Figure 3. Example images obtained in precapillary pulmonary hypertension. A: T1 mapping B: 4D flow
vortices C: Ventricular septal angle measurement D: Lung water density mapping.
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Background:

Flow quantification by cardiac magnetic resonance (CMR) is particularly important in right-sided
congenital heart disease (CHD). 2D phase contrast (2DPC) flow sequences are limited by the need for
precise prescription of image planes, long scan time and impreciseness in the presence of
valvulopathies'. Recently introduced accelerated free-breathing 3D whole heart flow sequences
promise to simplify CMR exam allowing faster image acquisition and retrospective flow
measurements. This study compares therefore standard 2DPC to an accelerated 4D flow sequence with
prospective respiratory navigation? and a free-running radial fully self-gated respiratory and cardiac
motion-resolved 5D flow?*,

Methods:

Patients with right-sided CHD were scanned on a 1.5T MAGNETOM Sola system (Siemens
Healthcare, Erlangen, Germany). 2DPC was performed in the ascending, descending aorta (AA, DA),
main, right and left pulmonary artery (MPA, RPA, LPA) and superior vena cava (SVC). A prototype
whole-heart free-running 3D radial PC CMR sequence was also acquired®. Using a compressed-
sensing-based image reconstruction framework>*, 5D flow images were obtained, and the end-
expiratory phase was used for analysis. Finally, 4D flow data were collected.2 3D vessel segmentation
was based on retrospectively computed phase-contrast angiography images for each 5D and 4D flow
datasets. Flow rate was measured in the AA, DA, MPA, RPA, LPA and SVC on images obtained with
all three sequences.

Results:

Fifteen patients (age 31£3 years, 7 women, tetralogy of Fallot 10, Ross operation 4, pulmonary
valvuloplasty 1) were included. Mean pulmonary regurgitation fraction (PR) was 16 = 4 % (range 1;
51) and peak velocity of MPA/ right ventricle to pulmonary artery conduit was 2.0 £ 0.2 m/s (range
0.9; 3.5).
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2DPC 4DCS 5D flow p
AA, I/min 49+1.0 4619 47+09 0.850
DA, I/min 26+0.8 2607 2508 0.943
MPA, I/min 46+14 39+1.2 42+11 0.423
RPA, I/min 2.7+0.7 1.9+£0.5 2404 0.004
LPA, I/min 2.1+0.7 1.6+0.5 1.8+04 0.048
SVC, I/min 1.5+04 1.2+0.3 1.2+04 0.066

Table 1. Comparison of absolute flow rate values (I/min) between 2DPC vs. 4DCS and 5D flow. 'p=0.04 2DPC vs.
4DCS, ?p=0.052 2DPC vs. 4DCS. Abbreviation: AA = ascending aorta, DA = descending aorta, MPA = main pulmonary
artery, RPA = right pulmonary artery, LPA = left pulmonary artery, SVC = superior vena cava.

2DPC vs. 4DCS 2DPC vs. 5D flow p
AA 0.18 (-2.77, 3.14) 0.19 (-1.52, 1.90) 0.999
DA 0.07 (-1.99, 1.9) 0.16 (-2.55, 2.24) 0.723
MPA 0.77 (-1.01, 2.60) 0.52 (-1.9, 3.0) 0.397
RPA 0.73 (-0.14, 1.56) 0.30 (-0.64, 1.24) <0.001
LPA 0.45 (-0.49, 1.40) -0.27 (-95, 1.48) 0.347
SvC 0.29 (-0.13, 0.71) 0.26 (-0.14, 0.65) 0.636

Table 2. Bias 2DPC vs. 4DCS and 5D flow. Data shown are bias (1/min) (lower, upper limit of agreement). Abbreviation:
AA = ascending aorta, DA = descending aorta, MPA = main pulmonary artery, RPA = right pulmonary artery, LPA = left
pulmonary artery, SVC = superior vena cava.

Compared to 2DPC, both 4D and 5D flow generally tended to underestimate absolute flow rate with
significant reduction in the RPA and LPA for 4D (Tab 1).

Analysis of RPA flow revealed a significantly smaller bias for the comparison of 2DPC vs. 5D flow
rate compared to 2DPC vs. 4D flow rate (Tab 2).

The bias i.e. the difference of RPA flow rate between 2DPC vs. 4D as well as 2DPC vs. 5D flow,
was directly related to the RPA peak velocity (RPA PV, Fig 1): RPA PV to RPA 2DPC vs. 4D:
r2=0.413, p=0.013, RPA PV to 2DPC vs. 5D: r2=0.317, p=0.045. The bias of RPA flow rate between
2DPC vs. 4D flow correlated to the MPA PR: r2=0.308, p=0.039. There were no similar observations
for other vessels.

Conclusion:

4D and 5D flow provide results comparable to 2DPC, however, both sequences showed a trend to
lower absolute flow values which is particularly true for the pulmonary arteries. Flow turbulences due
to the pulmonary valvulopathies could explain these observations, as their severity appears to influence
the agreement between 2DPC and both 4D and 5D flow sequences.

Larger studies are planned to better elucidate the reasons for our results and to understand which
sequences determine most accurately the true flow rate.
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Figure 1. Correlation of bias of 2DPC vs. 4D flow (red line) and 2DPC vs. 5D flow (blue line) measurements in right
pulmonary artery (RPA) to right pulmonary artery peak velocity
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Synopsis

We illustrate a pilot study of the first implementation of dual-venc 5D flow MRI. We found
excellent voxel-wise agreement with single-venc 5D flow in a pulsatile phantom. In two healthy
controls, we find good agreement, but identify unexpected aliasing in the dual venc 5D flow which
requires further investigation.

Introduction

Respiration has been shown to be an important driver of hemodynamics in patients post-Fontan
repair'. 5D flow MRI? is a new, free-running, self-gated, highly accelerated method to measure
respiration driven 3D blood flow velocities over the cardiac and respiratory cycles. However, a single
velocity encode (venc) in 5D flow MRI limits the velocity dynamic range. This is problematic when
both venous and arterial flows must be measured (e.g., aortopulmonary collateral quantification). To
address this limitation, we developed dual-venc 5D flow MRI which takes advantage of high velocity-
to-noise ratio (VNR) of low venc acquisitions while correcting aliasing with high venc data. The goal
of this study was to validate the technique in vitro and demonstrate its feasibility in healthy volunteers.

Methods

The proposed dual venc (DV) 5D flow MRI sequence utilized a 7-point velocity encoding scheme
to measure both low venc (LV) and high venc (HV) velocity data (Fig.1a). The acquisition
(2.5x2.5x2.5mm?, TE/TR: 4.1/34.9ms) was free-running, radially sampled, and retrospectively self-
gated using respiratory and cardiac signals extracted from superior-inferior readouts.

The LV and HV data were reconstructed in parallel using compressed sensing (CS) and were
separately preprocessed for background-phase corrections. A difference image (HV-LV) was used to
identify and correct velocity aliasing in the LV data as previously described® (Fig.1b). This preserved
the favorable VNR of the LV images while correcting aliasing using the HV images.

DV 5D flow (venc=60/120cm/s) was acquired in an established pulsatile flow phantom? (60bpm,
U-tube shape, Gd enhanced water) for validation. The respiratory dimension was collapsed in this
experiment. Single venc (SV) 5D flow (venc=120cm/s) and 4D flow (venc=120cm/s) were also
acquired. Both 5D flow scans had set scan times (SV: 8.5min, DV: 18min) that acquired 4820 radial
spokes with 6 subshots for velocity encoding (4 gradients in SV, 7 in DV).
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Figure 1. Dual Venc 5D flow acquisition and reconstruction. A 7-point gradient velocity encoding scheme is used in
addition to interspersed superior-inferior readouts for self-gating (a). The raw dual venc 5D flow data is gated along the
respiratory and cardiac dimension. The LV and HV images are reconstructed in parallel, separately preprocessed, and
combined using a difference image (b).

Net flow and peak velocity were measured in several 2D regions of interest (Fig3a). VNR (Eql)
was calculated in both SV and DV 5D flow images (water bottles used as static tissue).

VNR=mean(velocity 3D segmentation)/SD(velocity static tissue) [EQ1]

DV (venc=75/150cm/s) and SV (venc=150cm/s) 5D flow were also acquired in 2 healthy adults.
Voxel-wise comparisons were made in a region with velocity aliasing in the LV, but not HV, data.
VNR in the caval veins was calculated in both SV and DV 5D flow images (spine segmented for static
tissue). Only end-expiration was compared in this study.

Results

In-vitro validation: Aliasing was seen in LV images (Fig.2a) that was corrected in the DV images
(Fig.2¢). Bland-Altman analysis revealed good agreement with 4D flow for net flow (limits of
agreement [LOA]: 2.9mL, 10% of mean net flow) and peak velocity (LOA: 6.7cm/s, 10% of mean
peak velocity) (Fig.3). However, there was significant overestimation by DV 5D flow compared to 4D
flow in both net flow (1.7mL, p=0.02, 6% of mean net flow) and peak velocity (4.2cm/s, p=0.01, 7%
of mean peak velocity). Bland-Altman analysis for voxel-wise comparisons of SV and DV velocities
had significant bias (<lcm/s, p<.01) and LOA of <6cm/s in all velocity directions (7% of peak velocity
and 13% of mean velocity at peak flow, Fig.4). VNR increased 69% in DV images compared to SV
images.

In-vivo feasibility: In both volunteers, there was unexpected aliasing near the aortic valve in HV
images (Fig5a) and was thus uncorrected in the DV images. However, there was appropriate correction
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of aliasing in other regions, such as the descending aorta (Fig.5b), which had good agreement of
velocity magnitude in both subjects between SV and DV 5D flow (LOA: 11 & 9cm/s, bias <lcm/s
p<.01, Fig.5b). This was 11% and 10% of peak velocity in the DAo respectively. Additionally, the
DV images had an 80% increase and 109% increase in VNR in each subject, respectively.

Discussion

We demonstrate the first implementation of DV 5D flow MRI. The acquisition improved VNR
>65% compared to SV 5D flow which is greater than what could be achieved from simply increasing

the
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Figure 4. Voxel-wise comparison between dual venc 5D flow and single venc 5D flow over all time points in the
phantom. There is excellent agreement in all velocity directions with bias <lcm/s and limits of agreement £ 6cm/s. RMSE

= root mean square error.
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Figure 5. Dual venc 5D flow in healthy volunteers. Example images demonstrate aliasing (red arrows) occurring near
the aortic valve in the HV images (a). Voxel-wise comparison of DV 5D flow and SV 5D flow in the descending aorta for
both subjects demonstrate good agreement (b-c), even in velocities above the low venc (orange line, 75 cm/s) where aliasing
would occur in the LV images. Some variability between scans may be due to imperfect alignment of cardiac rhythm.
PCMRA = phase contrast MR angiogram, MPA = main pulmonary artery.

scan time to 18 minutes (45% increase). The theoretical VNR increase due to halving the venc was
~100%. Variation from this may be due to the high acceleration, imperfect background phase
correction, or CS regularization. The increased VNR will improve the utility of 5D flow in Fontan
patients. For example, slow, venous flow has been shown to vary with respiration.2 However, selecting
a venc to best measure this precludes analysis in narrowed pulmonary arteries, a possible cause of
Fontan failure.4 While these are promising results, in vivo data suggests that further investigation is
necessary to prevent aliasing seen near the aortic valve. This artefact may reflect increased noise due
to imbalanced distribution of the first magnetic moment in the HV gradients or increased motion noise
due to long scan times. This study served to establish in vitro validation and in vivo feasibility of dual
venc 5D flow MRI. Additional studies are necessary to investigate the impact of DV 5D flow on
respiratory driven hemodynamics
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Conclusion
We illustrated a pilot study of the first implementation of dual-venc 5D flow MRI. We found good
agreement with single venc 5D flow and 4D flow in a pulsatile phantom in addition to increased VNR.
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Synopsis

We adapted our novel respiratory gating method to evaluate the impact of respiratory state (RS)
resolution on respiratory driven flow measured by 5D flow MRI. We found that the impact of
respiratory state resolution was both anatomy and vessel dependent. Caval veins and measurements in
single ventricle disease patients were most impacted by the reduction of respiratory states. Shunt
patients and pulmonary artery measurements were more robust to reduced RS and may be able to take
advantage of the decreased acceleration associated with fewer RS. 5D flow MRI is well suited for this
variable need as respiratory gating is retrospective.

Introduction

Respiration has been shown to drive hemodynamic changes in healthy individualsl and patients
with congenital heart disease (CHD).2 Yet, conventional flow methods including 2D phase contrast
and 4D flow MRI are often limited to acquisition during a single respiration state (breath-hold,
navigator-gated). 5D flow MRI3 is a new free-running, self-gated technique that enables 3D velocity
quantification over both cardiac and respiratory cycles. However, the original respiratory gating
method (Figla) did not reflect the physiology of respiration. Additionally, while four respiratory states
(RS) were typically reconstructed, it is unclear if this respiratory resolution is optimal. 5D flow uses
highly accelerated, radial sampling combined with compressed sensing (CS) reconstruction. Reduction
of RS may decrease acceleration, enabling improved image quality or shorter scan time. We aimed to
assess the impact of RS resolution on respiratory driven flow measurements in a novel physiology
driven gating method.

Methods

11 patients with CHD (15.6+11.7yrs, M/F: 5/6) undergoing a clinically indicated CMR with
ferumoxytol were consented for an 8.5-minute 5D flow add-on (res: 1.5-2.5mm isotropic, cardiac res:
40ms). Superior-inferior readouts were used to extract cardiac and respiratory signals for retrospective
gating. Scans were reconstructed three times: with 2, 3, or 4 RS. The physiology driven gating method
sorted readouts on a per-breath basis, assigning the maximum and minimum 25% of signal to end-
expiration and end-inspiration respectively. To define 4 RS, the remaining points were assigned to
expiration and inspiration based on slope (Figlb). To create 3 RS, inspiration and end-inspiration were
combined (Figlc). For 2 RS, end-expiration and expiration were also combined (Figld). These
reductions aimed to decrease CS acceleration. The acceleration was patient-specific, based on
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respiratory gating (Fig2). Net flow was measured in the ascending aorta (Ao), main pulmonary artery
(MPA), left and right pulmonary arteries (LPA&RPA), and inferior and superior vena cava
(IVC&SVC). Range of net flow over all RS, normalized to the mean over respiration, defined
respiratory driven flow changes. Median respiratory resolved flow curves were normalized to end-
expiration. The cohort was stratified into two subgroups: single ventricle disease (SVD, n=5) and shunt
physiology (n=5). One patient fit neither group.
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Figure 1. Respiratory gating methods overview. Initial implementation of 5D flow MRI used an amplitude-based method
to determine respiratory states (a, RS). We have proposed a novel approach, defining a gating method based on physiologic
respiratory states (b). In this abstract, we propose two methods to reduce the number of respiratory states (c-d). The number
of readouts per respiratory state is patient specific as determined by the gating method.

Results

Respiratory gating and CS acceleration: Data acquired during expiration and end-expiration
covered a significantly larger fraction of the respiratory cycle than inspiration (28% & 29% vs 20%,
p<0.01) and end-inspiration (28% & 29% vs 23%, p<0.01). With reduced RS resolution, the necessary
CS acceleration decreased (Fig2).

Respiratory driven net flow changes: Reduced RS resolution decreased respiratory driven flow
changes measured in the aorta, pulmonary arteries (PAs, MPA, LPA&RPA), and caval veins
(IVC&SVC). Flow changes were significantly larger in 4 RS images compared to 3 and 2 RS images
in the aorta (12% vs 8% & 3%, p<0.017) and caval veins (59% vs 46% & 28%, p<0.017). Caval veins
had significantly larger flow changes than the PAs in 4 RS (28% vs 59%, p<0.017) and 3 RS (22% vs
46%, p<0.017) images, but not in 2 RS images. The aorta had significantly smaller respiratory driven
changes than the PAs and caval veins in all images (Fig3).
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Distribution of k-space data acquired over respiratory cycle
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cohort is shown for 4 RS (a), 3 RS (b), and 2 RS (¢). Acceleration factor was estimated assuming 20 equally filled cardiac
time frames, a set scan time of 8.5 minutes, and 96x96x96 matrix size.
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Figure 3. Impact of number of respiratory states on respiratory driven flow in the total cohort (n=11, a). Red
comparison bar indicates differences within a vessel group, between respiratory resolutions. Example regions of interest
are shown for a patient that was status-post Fontan repair (b).

Respiratory resolved flow curves: Timing of changes in flow over respiration were generally
conserved with reduced RS (Fig4). However, in the IVC, the relative change in flow during inspiration
in 4 RS images was significantly less than in 2 RS images (Fig4c, p<0.01).

Sub-group analysis: In 4 RS images, SVD patients had increased flow changes in PAs and caval
veins compared to the aorta (Fig5). In shunt patients, caval veins had increased flow changes compared
to the aorta and PAs. Only SVD patients had a substantial decrease in respiratory driven flow in caval
veins from 3 to 2 RS. Additionally, inter-vessel group differences became insignificant for shunt
patients when using <4 RS whereas differences were preserved using 3 RS in SVD patients.
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Figure 4. Impact of respiration (a) normalized to end-

expiration in the aorta (b), main pulmonary artery (c), and
inferior vena cava (d). Changes in flow were normalized to net
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Figure 5. Impact of respiratory resolution in single ventricle disease patients (SVD, a) and shunt patients (b). Red
comparison bar indicates differences within a vessel group, between respiratory resolutions.

Discussion

Overall, we found that the impact of respiratory resolution was vessel dependent. Respiratory driven
flow decreased with RS resolution in the aorta and caval veins, but not in the PAs. This may be due to
similar flow changes during end-inspiration and inspiration, leading to little information loss when
combined. Yet, differences between PAs and caval veins were diminished in the 2 RS images. Due to
retrospective self-gating, 5D flow is well-suited to the need for variable RS resolution, allowing
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reduced CS acceleration in cases where 2 or 3 RS is sufficient. Additionally, in the IVC, end-
inspiration and inspiration had different effects on flow. This information was lost in both the 2 and 3
RS images, suggesting 4 RS may be necessary to resolve respiratory driven flow in caval veins. We
also showed that SVD anatomy may benefit more from additional RS than shunt anatomy. There was
significant change in the caval veins with each respiratory state reduced only in the SVD group. Future
studies should include additional CHD types and healthy volunteers to optimize respiratory resolution
for each subject group.

Conclusion

We found that impact of respiratory resolution on flow was both anatomical subgroup and vessel
dependent. In the caval veins and aorta, but not the PAs, reduction in RS decreased measured
respiratory driven flow. Caval vein flow changes diminished with each combined RS in the SVD group
only.
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A2.3. Additional contributions

A2.3.1. Numerical optimization of 5D cardiac and respiratory motion-resolved
CMR imaging for the assessment of left ventricular function
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Synopsis

The free-running framework (FRF) was recently proposed to address the limitations of current
techniques to assess left ventricular (LV) ejection fraction (LVEF). However, the accuracy of FRF to
assess LVEF has yet to be quantitatively examined. This work rigorously quantifies and optimizes the

effect of the regularization weights on LVEF and several image quality metrics using a numerical
phantom with well-controlled boundary conditions, and validates the results in in-vivo 5D FRF data.
The results demonstrated that the combination of regularization weights that are optimal in terms of
image quality do not correspond to the optimal weights for LVEF assessment.

Introduction

Left ventricular (LV) ejection fraction (LVEF) is a strong predictor of outcome in patients with
heart failure!. Cardiac magnetic resonance (CMR) is the gold-standard for LVEF assessment and
typically involves the acquisition of a stack of LV short-axis 2D cine-images over multiple breath-
holds. However, the low through-plane spatial resolution and coverage may be suboptimal for accurate
assessment of LVEF?. Moreover, repeated breath-hold acquisitions may lead to poor reproducibility
of end-inspiration position, are often challenging for patients, and may even cause Valsalva maneuvers
resulting in biased LVEF measurements. In addition, operator involvement remains considerable as
several cardiac localizers are still necessary to find the short-axis view. The free-running framework
(FRF)? was recently proposed to remove these constraints and to simplify workflow of LVEF
assessment*. However, the accuracy of FRF to assess LVEF has yet to be quantitatively examined. To
reconstruct the highly undersampled 3D-+cardiact+respiratory motion-resolved (5D) images, FRF
requires careful optimization of the regularization weights to find a compromise between residual
aliasing and compression of the underlying physiological motion. This work rigorously quantifies and

optimizes the effect of the regularization weights on LVEF and several image quality metrics using
a numerical phantom with well-controlled boundary conditions, and validates the results in in-vivo 5D
FRF data.
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Figure 1. Schematic of the study design. Free-running 3D golden-angle radial k-space data were synthesized from
the XCAT phantom, sorted into a 5D (x-y-z-cardiac-respiratory) matrix, and reconstructed with a compressed sensing
reconstruction framework using both total variation (TV) and local low-rank (LR) regularization terms. The synthetic
sequence parameters were: isotropic voxel size = (1.1mm)?, TR/TE = 3.1ms/1.6ms, RF flip angle = 61, radial interleaves
= 5749, and profiles per interleave = 22.

Methods

Numerical Phantom: Free-running 3D golden-angle radial data were synthesized using a
previously described numerical simulation’. The synthesized data simulated anatomical tissues with
realistic nonrigid cardiac and respiratory motion derived from the XCAT phantom® and included heart-
rate and respiratory motion variability. The simulated LVEF was 63.2%. The n-th radial readout
corresponding to the (n-1)*TR timepoint was obtained by computing the 3D volume representing the
desired cardiac and respiratory phase using the XCAT software, converting the labelled volume to
CMR contrast using a bSSFP signal model with tissue relaxation properties from the literature,
simulating 3D coil sensitivities, and computing the inverse NUFFT>.

Image reconstruction: The synthetic FRF radial data were sorted into a 5D (x-y-z-cardiac-
respiratory) matrix and reconstructed with the compressed sensing (CS) reconstruction framework
shown in Fig.1. The reconstruction implemented total variation (TV) and local low-rank (LR)
regularization terms along both the cardiac and respiratory dimensions. The four corresponding
regularization weights were the independent variables that were optimized as described below.

Analysis: LVEF was automatically computed for every reconstructed dataset using thresholding
and the ground truth position of the aortic and mitral valves. The image quality was quantitatively
assessed by the following metrics: mean squared error (MSE), structural similarity index measure
(SSIM), peak signal-to-noise ratio (PSNR), and blood-myocardium interface sharpness. The four
regularization terms were first optimized individually by setting the other terms to zero. For each term,
the two regularization weights that yielded the highest image quality with an LVEF error below
3%when compared to ground truth were selected for further optimization. The 3% limit is well within
the range of intra and interobserver variability of LVEF reported in earlier studies®. Next, the four
regularization terms were optimized by combining the weights previously selected. The optimal
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combination of weights was determined by selecting the combination that resulted in the best image
quality given a maximum acceptable LVEF error of 3%. Finally, as a proof of concept, the optimized
combination was used to reconstruct an in-vivo 5D FRF dataset* and the LVEF was compared to a
reconstruction using weights that were optimized for image quality only without considering the
maximum acceptable error limit for LVEF.
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Figure 2. Individual optimization of the weights for the four different regularization terms in the CS
reconstruction. For each regularization term, a range of weights was investigated while setting the weights for the other
regularization terms to zero. For TV regularization, the weights ranged from 0.0001 to 0.5 and for LR regularization, the
weights ranged from 0.0001 to 10. The solid and dashed lines in the LVEF plots indicate the ground truth LVEF (63.2%)
and the 3% deviation, respectively.
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Figure 3. Animated gifs illustrating the cardiac and respiratory motion-resolved reconstructions for some of the
regularization weights presented in Figure 2. High cardiac regularization weights did not significantly affect respiratory
motion, but they significantly compressed cardiac motion. Similarly, high respiratory regularization weights did not
significantly affect cardiac motion, but they significantly compressed respiratory motion.
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Results
Increasing the regularization weights generally resulted in a decrease in LVEF and an improvement
in image quality to a point beyond which image quality degraded again (Fig.2). Regularization along
the respiratory dimension had a significantly lower impact on LVEF and image quality than
regularization along the cardiac dimension, i.e. lower value spread (Fig.2). High respiratory
regularization weights had little impact on LVEF, but significantly compressed respiratory motion
(almost no visible respiratory motion for A,, =0.5 and 2, =10 in Fig.3). The optimization of each
individual regularization term resulted in the following weights: 2., ={0.001,0.005},
m,=10.005,0.01}, 2,,,={0.1,0.5}, and 4,,,={0.5,1.0}. All possible combinations of the regularization
terms with these weights resulted in an LVEF error of less than 3% (Fig.4). Among all these
combinations, the one that gave the best image quality was (Ary,, Ay, Ag,» A1r,)=(0.001,0.01,0.5,0.5).
Reconstruction of the in-vivo FRF dataset using this optimized combination of weights resulted in
50.04% LVEF. When using the set of weights that maximizes image quality without considering LVEF
error, i.e. (ATVC, Arvy> ALrg> AL, )=(0.05,0.01,1.0,1.0), the LVEF was 44.87% in this case.
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Figure 4. Optimization of the weights for the combined regularization terms in the CS reconstruction. The left
column shows the results for reconstructions using only the two TV regularization terms; the middle column shows the
results for the reconstructions using only the two LR regularization terms; and the right column shows the results for the
reconstructions using all TV and LR regularization terms.

219



Figure 5. Animated gifs illustrating the
cardiac and respiratory motion-resolved
reconstructions for an in-vivo dataset using
the optimized (a) and sub-optimal (b)
combination of regularization weights
resulting in LVEF values of 50.04% and
44.87%, respectively.*

* Images depicted in this Appendix are
static.

Discussion and Conclusion

This experimental study rigorously quantified and optimized the effect of the regularization weights
of'a CS reconstruction on the LVEF and several image quality metrics using a numerical phantom with
well-controlled boundaries. The results demonstrated that the combination of regularization weights
that are optimal in terms of image quality do not correspond to the optimal weights for LVEF
assessment. Increasing the regularization weights generally resulted in better image quality, but also
decreased LVEF accuracy due to motion compression artifacts. A relatively wide range of parameters
provided an acceptable tradeoff between LVEF accuracy and image quality. This study may help guide
reconstruction parameters for CS reconstruction of free-running 5D images and may help bridge a gap
in validating optimized FRF for LVEF assessment.
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Synopsis

Free-running 5D whole-heart imaging (5D CMR) has been proposed as a means of simplifying
CMR exams by capturing the entire 3D cardiac anatomy without the need for ECG gating or breath-
holds. We demonstrated that SD CMR enables the evaluation of cardiac function in comparison to
ECG gated 2D CINE images in congenital heart disease patients. In addition, it enables evaluation of
the cardiac morphology with an improvement of the diagnostic quality in 66% of the cases. This
suggests that the free-running approach has the potential for replacing the conventional 2D imaging
for evaluation of both cardiac function and morphology.

Background

Cardiac magnetic resonance imaging (CMR) plays a critical role in the management of patients with
congenital heart disease (CHD) !?. In a conventional CMR exam, electrocardiogram (ECG) gated 2D
CINE images (2D CMR) are the current gold standard for assessing cardiac function, but require a
reliable ECG signal, precise prescription of multiple imaging planes, and patient ability to perform
breath-holds. Recently, free-running 5D whole-heart imaging (5D CMR) has been proposed as for
simplifying CMR exams by capturing the entire 3D cardiac anatomy without the need for ECG gating
or breath-holds**. In this work, and using a gold standard comparison, we demonstrated feasibility and
validity of using ferumoxytol-enhanced 5D CMR to evaluate cardiac function in a cohort of patients
with CHD.

Methods

Seventeen CHD patients (22+15-years of age, 7 female (41%)) were retrospectively included in this
monocentric study, after approval by the IRB. All patients underwent both 2D CMR and research 5D
sequence CMR after an injection of 2 mg/kg of ferumoxytol** on a 1.5T clinical MR scanner
(MAGNETOM Sola, Siemens Healthcare, Erlangen, Germany) with a 18-channel phased-array coil.
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Relevant scan parameters for both sequences are listed in Tab.1. A cardiac radiologist with 7 years of
experience reformatted the end-inspiratory images from 5D CMR to match the respiratory phase,
orientation and slice thickness of 2D CMR. Two readers without experience of 5D CMR (R1: a
radiologist and R2: research engineer with 7 and 9 years of experience in cardiac imaging, respectively)
blinded to the patient’s identity and condition, independently performed the measurement of end-
diastolic and end-systolic cardiac volumes (EDV, ESV) in a random order on a clinical workstation
using Circle software (cvi42 5.12.1). Inter- and intrareader reproducibility were assessed with the
intraclass correlation coefficient (ICC). A two-way model with measures of consistency was used to
calculate ICC values. Reproducibility was defined as poor (ICC<0.400), fair to good (ICC=0.400—
0.750), or excellent (ICC>0.750). Two-sided P .05 was considered to indicate a significant difference.
Diagnostic image quality was assessed and compared according to a five-point quality scale ranging
from 1= insufficient due to blurring and/or breathing motion and/or insufficient contrast, to 5=
excellent without blurring or breathing motion and with excellent contrast.

Figure 1. Dynamic high-resolution short-axis SD CMR of the heart with high temporal resolution (25
phases per cycle) in an 8-year-old-male patient treated for a type Il common. The SD CMR images, from which
diagnostic quality was scored as excellent by both readers, allow a great evaluation of the heart contraction
particularly inside the septum that is showing an end-diastolic abrupt displacement towards the right ventricle.

Results

All patients were successfully analyzed. Time of acquisition of 5D CMR was significantly reduced
by 58+101 seconds in comparison to 2D CMR (5.8+0 min vs 6.8+1.7 min, P<0.02). Absolute mean
differences among both readers in left EDV, ESV and LVEF for 5D CMR relative to 2D CMR were
0.6+14.8 mL, 5.849.1 mL and 3.645.0%. Absolute mean differences among both readers in right EDV,
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ESV and LVEF for 5D CMR relative to 2D CMR were 9.9+13.7 mL, 7.1£7.8 mL and 0.1+4.2 %,
respectively. Almost perfect correlation between left and right cardiac volumes and volume ejection
fraction was observed (all >0.87) (Tab.2). Interreader agreement was excellent for all ejection fraction
measures on both 2D and 5D CMR images (all ICC >0.940) with a highest value for LVEF on 5D
CMR images (0.989) (Tab.3). Similarly, intrareader agreement for both readers was excellent for all
ejection fraction measures between 2D and 5D CMR images (all ICC>0.862) with highest values for
RVEF (0.944 and 0.954 for R1 and R2, respectively). Diagnostic quality was improved in 35% and
41% of the cases on 5D CMR images for R1 (mean score: 4.4+0.6 vs 4.0+0.8) and R2 (mean score:
4.2+0.5 vs 3.7+£0.7), respectively to be found from good to excellent in 94% of the cases (compared to
65% on 2D images) (Fig.1).

Figure 2. Example case of 8-year-old-
male patient treated for a type II common
truncus (A-B: short-axis bSSFP 2D, C-D:
short-axis GRE 5D). Left and right ventricular
gjection fractions were normal and
comparable on both images (55% and 53%,
respectively). It is noteworthy to mention the
improved depiction of the cardiac structures
due to higher spatial resolution such as the
interface between the cardiac muscle and
cavities (black empty head arrows), and the
papillary muscle (white arrows).
Consequently, diagnostic  quality was
improved from good to excellent on free-
running 5D.

Figure 3. Dynamic high-resolution free-
running 3D volume rendering of the heart with
high temporal resolution in an 8-year-old-male
patient treated for a type II common truncus.
(A) Posterior view of the left ventricle shows the
cavity motion with a depiction of the left coronary
tree implantation and all great vessels. (B)
Anterior view of the right ventricle shows the
cavity motion with a depiction of the grafting o
the pulmonary root. Other cardiac structures such
as right coronary tree, aortic root are well
identified as well during cardiac cycle.

Discussion

In the present study, we demonstrated in a population of CHD patients the feasibility of using
ferumoxytol-enhanced 5D CMR to evaluate both right and left cardiac functions with higher spatial
resolution, faster time of acquisition and similar temporal resolution than CINE 2D CMR but without
the need for ECG gating or breath-holds. Our results showed an excellent intrareader agreement of the
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LVEF and RVEF between 5D and 2D CMR images. The average difference between EF was close to
0% for the right ventricle and slightly higher at 3.6% for the left ventricle. A larger difference for
LVEF may be explained by a more difficult delineation of the left cavity in comparison to the right
one particularly during systole because of thicker wall and trabeculations of the left myocardium. This
anatomical particularity probably explains also the larger difference found for the left ESV compared
to EDV between 5D and 2D CMR images. In addition, while our results showed an excellent
interreader agreement of LVEF on 5D and 2D CMR images, SD CMR images showed a higher
agreement. This finding is probably explained by the improved diagnostic quality using 5D CMR, such
as found in ~40% of the cases due to higher spatial resolution, lower motion artefact and higher
contrast. Altogether, this suggests that SD CMR could reduce the operator dependency of cardiac
function analysis while outperforming its feasibility, time of acquisition, convenience and diagnostic

quality.

Conclusion
Free-running 5D CMR enabled measurements of LV and RV volumes and function that were
comparable to 2D CMR while outperforming the reference standard in terms of image quality.

2D CMR 5D CMR
Type of sequence bSSFP Gradient echo
Acquisition type 2D 3D
Temporal resolution 35+ 11 ms 53+ 14 ms
Echo time 1.2+0.1 ms 1.6 £ 0.1 ms
RF excitation Angle 63+10° 15+0°
Spatial resolution 14x1.4x5-8 mm I.1x1.1x1.1 mm
Number of cardiac phases 25 per cycle 25 per cycle
Field-of-view 168 x 208 mm? 192 x 192 x 192 mm?
Breath-holding time 8 — 12 seconds No breath-holding

Table 1. Sequence parameters for both 2D CMR and free-running 5D CMR protocols.

Cardia I
e 2D CMR 5D CMR r confidence P (two-tailed)
parameters .
interval

Left EDV 139 (£59) mL 138 (£54) mL 0.96 0.89 to 0.99 <0.0001
Left ESV 62 (x30) mL 67 (+31) mL 0.95 0.87to 0.98 <0.0001
LVEF 56 (£7) % 52 (£8) % 0.78 0.48 to 0.92 <0.001
Right EDV  137£54 mL 146 (+54) mL 0.97 0.92 to 0.99 <0.0001
Right ESV 74432 mL 78434 mL 0.99 0.96 to 0.99 <0.0001
RVEF 46 (£9) % 47 (£9) % 0.89 0.72 to 0.96 <0.0001

Footnote— EDV: end-diastolic volume, ESV: end-systolic volume, LVEF: left ventricular ejection fraction, RVEF: right
ventricular ejection fraction.

Table 2. Comparison between the cardiac volumes and ventricular ejection fraction calculated by a
cardiac radiologist (R1 with 7 years of experience) on short-axis cine-images derived from bSSFP 2D
images and GRE 5D free-running images with Pearson correlation analysis.
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Interreader

Parameter ICC 95% CI

LVEEF derived from 2D CMR 0.963 0.897 0.987
LVEF derived from 5D CMR 0.989 0.971 0.996
RVEEF derived from 2D CMR 0.954 0.867 0.984
RVEF derived from SD CMR 0.944 0.839 0.980

Intrareader

Parameter ICC 95% CI

R1: LVEF derived from 2D vs 5D CMR 0.875 0.655 0.955
R2: LVEF derived from 2D vs 5D CMR 0.862 0.618 0.950
R1: RVEF derived from 2D vs 5D CMR 0.944 0.839 0.980
R2: RVEF derived from 2D vs 5D CMR 0.954 0.867 0.984

Footnote. RI=first reader, R2=second reader. LVEF: left ventricular ejection fraction,
RVEF: right ventricular ejection fraction.

Table 3. Inter- and Intrareader ICC and 95% Confidence Interval of LVEF and RVEF in 17 CHD
patients (22+15-years of age, 7 female (41%), body surface area: 1.5 m2 = 0.6).
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Synopsis

The presence of fat signals around the heart can affect the diagnostic quality of cardiovascular MR
images. There are multiple fat-suppression pulses, such as FISS, and off-resonance water-excitation
(WE) pulses, such as BORR, LIBRE, an LIBOR, that have been developed for the free-running
balanced Steady-State free-Precession (bSSFP) sequences at low-field MRI (1.5T).

These fat-suppression pulses gave never been thoroughly compared to each other, therefore, in this
work, we implemented four different fat-suppression pulses and validated their performance on
phantoms and healthy volunteers. Our results indicated LIBOR provided better fat suppression
compared to BORR and LIBRE, while having fast acquisition time.

Introduction

Unsuppressed fat signals in cardiac MRI (CMR) can impact the visualization of anatomical
structures hampering diagnostic image quality'. Because of fast T1 recovery of fat, and k-space center
dominated MRI signal weighting, fat signal suppression is challenging in non-Cartesian MRI.
Therefore, approaches that focus on water excitation (WE) are favored over fat saturation. Free-
running CMR at 1.5T typically uses radial trajectories and is based on bSSFP acquisitions**. The
reconstructed cardiac and respiratory motion-resolved whole-heart data (5D CMR) allow for
determining cardiac function and coronary artery imaging>3. Several methods were developed for fat
suppression, such as Fast Interrupted Steady-State (FISS)*°, which uses an interruption of the bSSFP
steady state to generate a wide off-resonance signal stop-band, and short off-resonance WE pulses
such as Binomial Off-Resonant Rectangular (BORR)®, Lipid Insensitive Binomial off-Resonant RF
Excitation (LIBRE)”®, and a RF-power-optimized Lipid Insensitive Binomial Off-Resonant
(LIBOR)’. Aforementioned RF pulses can be shortened by increasing their off-resonance frequency,
requiring an increase in RF power which can be problematic when combined with bSSFP. Therefore,
the aim of this work was to implement BORR and the RF-power-optimized LIBOR pulse and compare
them with LIBRE and FISS for free-running CMR at 1.5T.
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Figure 1. (A) Illustration and LIBOR acquisitions with phase offset of (B) 250°, (C) 285°, and (D) 270°. Red
dashed lines indicate the shimming box. Fat and water SNR changes with different phase offsets (fixed frequency of
270Hz and a 78° flip angle) (E), frequencies (fixed phase offset 285° and a 78° flip angle) (F), and flip angles (fixed
phase offset of 285° and a frequency of 270Hz) (G). CNR for different phase offsets (H), RF excitation frequencies
(D), and flip angles (J). The CNR outlier was a result of noise spike in that particular experiment (E, H).

Methods
Phantom measurements

Research free-running bSSFP sequences using off-resonant LIBOR, BORR, and LIBRE pulses, as
well as free-running FISS, were implemented and tested on a 1.5T clinical MRI scanner
(MAGNETOM Sola, Siemens Healthcare, Erlangen, Germany). The water and fat signals were
quantified as a function of pulse frequency, which was varied from 250 to 340 Hz for LIBOR, and
from 400 to 600 Hz for BORR and LIBRE. Since LIBOR is tuned by the phase difference between
two subpulses, phase offset was swept from 250° to 340° to confirm previous findings®. Additionally,
water and fat signals were measured as a function of RF excitation angle, which was varied from 50°
to 100° for LIBOR, 90 to 180° for BORR, and 50° to 180° for LIBRE pulse sequence. All
measurements were repeated at different dates (n=3). Pulse duration of LIBOR and BORR was fixed
to 2.6 ms, to match LIBRE?.

Remaining sequence parameters were the same, unless specified, for all 4 acquisitions as follows:
2.0 mm? isotropic resolution, bandwidth of 992 Hz/pixel, echo time (TE) 2.46 ms, and repetition time
(TR) 4.9 ms. FISS TR was 2.47 ms. Acquisition time for phantom studies was around 30 seconds per

sequence.

Free-running CMR in volunteers
Four different free-running acquisitions, LIBOR, BORR, LIBRE, and FISS were acquired in
healthy volunteers (n=4) who gave written informed consent. Acquisition parameters were identical to
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Figure 2. Measured fat and water signal-to-noise ratios (SNR) with different (A) frequencies and constant
flip angle of 141°, and (B) different flip angles and constant frequency of 600 Hz. The calculated CNR for
BORR sequence with different (C) frequencies, and (D) flip angles. Measured fat (blue) and water (orange) SNR
with different (E) frequencies and constant flip angle of 124°, and (F) flip angles and fixed frequency of 500 Hz.
The calculated CNR for LIBRE sequence with different (G) frequencies, and (H) flip angles.

phantom comparison experiments besides increasing the number of k-space lines to ~45k. Images were
reconstructed with compressed-sensing framework described by Di Sopra et al.?. Scan time for in vivo
studies was 3:40 minutes per off-resonance WE sequences, and 2:55 minutes for FISS.

Image analysis
Data were analyzed using MATLAB (R2022a, The MathWorks) and ImageJ (NIH, Wisconsin
University). Regions of interest (ROIs) were drawn in water and fat vials, and in the background noise.

In vivo, ROIs were drawn in chest fat, ventricular blood pool, lungs, and myocardium. Signal-to-noise
ratio (SNR) was computed by dividing the average ROI signal by the standard deviation of background
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Figure 3. Four different fat-suppression methods, (A) FISS, (B) BORR, (C) LIBRE, and (D) LIBOR, and their
(E) CNR and (F) SNR.
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Figure 4. (A) Volunteer data acquired with FISS, BORR, LIBRE, LIBOR, and bSSFP. (B) Signal intensity of lung,
myocardium, chest fat, and ventricular blood pool for different acquisition. (C) CNRBiood-Fat calculated by subtracting
SNRBIood Pool from SNRchest Fat and CNRBiood-Myocardium calculated by subtracting SNRBIood Pool from SNRMyocardium.

noise. To compare different acquisitions in the phantom, contrast-to-noise ratio (CNR) was calculated
by subtracting water SNR from fat SNR.

Gridded reconstructions were used for quantitative in vivo comparisons and CNR was calculated
between ventricular blood and chest fat (CNRBiood-Fat), as well as blood and myocardium (CNRBgiood-

Myocardium) .

Results and Discussion

The LIBOR phase offset, frequency, and flip angle impact fat signal suppression. Maximum CNR
was found with a phase offset of 280°, a frequency of 270 Hz, and a flip angle of 55° for LIBOR
(Fig.1), pulse frequency of 500 Hz and a flip angle of 90° for BORR, and frequency of 520 Hz and
flip angle of 60° for LIBRE (Fig.2). These findings corroborate the expected theoretical range of
required RF amplitudes (9).

In phantoms, LIBOR provided the largest CNR of all compared techniques, while FISS had the
lowest CNR, which indicates that LIBOR efficiently suppresses fat signal without reducing or having
a significant impact on water signal (Fig.3).
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Figure 5. Volunteer data acquired
with FISS, BORR, LIBRE, and LIBOR
sequences (animation).

For in vivo free-running CMR, LIBRE has the highest SNR in ventricular blood pool and LIBOR
the lowest SNR in chest fat. LIBRE displayed the highest CNRBgiood-Fat and CNRBiood-Myocardium Values
(Fig.4). Across watery tissues, no significant differences were observed between these techniques, as
expected. Nevertheless, because chest fat falls outside the shim volume, pericardial fat signals may
provide a more stable and appropriate metric for fat signal suppression, which will be further
investigated in a larger volunteer cohort. In whole-heart imaging data, a big difference in fat
suppression can be observed across techniques and anatomical regions (Fig.5).

Conclusion

Different off-resonance water-excitation methods were compared in free-running CMR at 1.5T and
is the first report on both LIBOR and BORR pulses. LIBOR enabled effective fat suppression while
maintaining a short TR and reducing RF power compared with BORR and LIBRE, conversely, FISS
demonstrated the highest CNR of blood and myocardium.
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Background

Current clinical methods for 4D flow MRI rely on ECG gating and respiratory navigators, leading
to prolonged and unpredictable scan times. Recent advances have enabled cardiac and respiratory
motion-resolved 5D flow with a fixed scan time, using a free-running framework' 2. This protocol
employed a 3D radial phyllotaxis trajectory’, and periodic readouts along the superior-inferior
direction allow for both cardiac and respiratory self-gating', eliminating the need for an ECG signal
and navigator scans. Alternatively, Pilot Tone navigation allows for the extraction of these physiologic
signals in parallel to the acquisition*>S. In this study, we explore the initial feasibility of using Pilot
Tone for ECG- and navigator-free 5D flow MRI.

Methods

Six volunteers (4F, age: 28.0+4.8 years) were scanned on a 1.5T MAGNETOM Sola (Siemens
Healthcare, Erlangen, Germany), using a 12-channel body coil with an integrated Pilot Tone
transmitter. Each volunteer was scanned using a prototype radial 5D Flow MRI sequence covering the
whole heart and 4D Flow sequence covering the aorta with the parameters listed in Fig.2. Cardiac and
respiratory gating signals were retrospectively extracted from the multi-channel Pilot Tone signals as
described by Fig.1 and subsequently used to bin the data into 4 respiratory and 17-21 cardiac frames,

depending on the subject’s heartrate. Cardiac binning accuracy was quantified by the standard
deviation of the difference between Pilot Tone and ECG triggers. The resulting SD flow datasets were
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reconstructed using XD-GRASP’. Flow curves were calculated for both the 4D and 5D Flow data sets
in the ascending aorta, descending aorta and aortic arch using the Siemens 4D Flow v2.4 Software.
The net flow volume and the peak flow were compared using the Wilcoxon signed rank test.

Results

The acquisition time was 9min 01s for 5D Flow and 11min 19s + 4min 24s for 4D Flow. Pilot Tone
cardiac triggers matched the ECG triggers with an average error of 4.84+3.4% Aortic flow curves (Fig.
2) derived from 5D flow underestimated peak systolic flow by 23+11%. Net flow and peak flow values
(Fig. 3) showed that 5D Flow tends to underestimate the flow measurements by 11£14% and 22+11%
respectively (p <0.05 in 4 out of 6 measurements).
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Figure 1. Respiratory and cardiac gating information extracted from the Pilot Tone signals. The Pilot Tone
Navigation system consists of a transmitter which, when activated, generates a magnetic field outside the imaging
range. The emitted magnetic field is sensitive to modulation due to motion, and therefore its variation can be
captured by the receiver coils. This variation had been shown to contain cardiac and respiratory motion**>, which
can be extracted and used for data binning. While the respiratory modulation is obtained from Principal Component
Analysis, the cardiac movement is extracted using Independent Component Analysis'>>.
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Figure 2. Comparison of the flow curves of two healthy volunteers (A-B) at three planes along the aorta (AAo
-ascending aorta, DAo - descending aorta, Arch - aortic arch). Scan parameters 5D: spatial resolution: (2.3mm)3,
temporal resolution: 112.8ms, Venc: 150cm/s. Scan parameters 4D: spatial resolution: 2.4x2.4x2.5 mm3, temporal
resolution: 38.6-57.9ms, Venc: 150cm/s. 5D flow appears to consistently underestimate peak flows in comparison to
conventional 4D flow. (see arrows).
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Figure 3. Net Flow volume (A.) and Peak Flow (B.) boxplots of Conventional 4D Flow and 5D Flow. The
interquartile range is shown by the blue boxes. Mean and Standard Deviation values can be found in C. and D.,
respectively. E. The Wilcoxon Signed rank test shows that 5D flow underestimated flow values in comparison to
conventional 4D flow, with the exception of the Net Flow Volume in the AAo. AAo -ascending aorta, DAo - descending
aorta, Arch - aortic arch.
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Discussion and Conclusions

ECG- and navigator-free cardiac and respiratory motion-resolved 5D Flow with a fixed scan time
is feasible using Pilot Tone, providing a means for whole-heart evaluation of hemodynamics with
shorter scan time than conventional 4D Flow. The tendency to underestimate flow values in 5D Flow
has been reported before?, and may be caused by temporal undersampling and regularization. While
further optimization of acquisition and reconstruction parameters is needed to improve the consistency
between 5D flow and the 4D flow reference standard, the use of Pilot Tone gating, which is
independent of the acquisition, provides a new method for fully self-gated 5D flow.
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Synopsis

Conventional 4D flow MRI techniques often have prolonged and unpredictable scan times, due to
the use of respiratory navigation. To address this, a fully self-gated cardiac and respiratory motion-
resolved whole-heart 5D flow protocol with a fixed scan time was recently developed using a free-
running framework. This protocol extracts cardiac and respiratory signals from periodic readouts (self-
gating). In this study, we explore the use of Pilot Tone signals as an alternative method for cardiac and
respiratory signal extraction to reconstruct 5D flow data and compare reconstructions to those using
the previously established self-gating method and the conventional 4D flow sequence.

Introduction

Conventional 4D flow MRI techniques often have prolonged and unpredictable scan times, due to
the use of respiratory navigation. As a result, acquiring whole-heart 4D flow images in a clinically
acceptable scan time (<10min) is challenging. To address this, a fully self-gated cardiac and respiratory
motion-resolved whole-heart SD flow protocol with a fixed scan time was recently developed using a
free-running framework'?>. This method employs a continuous, non-ECG triggered 3D radial
acquisition with phyllotaxis sampling* and periodic readouts for cardiac and respiratory self-gating
(SG)?. Pilot Tone signals (PT), acquired in parallel to the MR acquisition, have also been recently
proposed for cardiac and respiratory gating. The PT Navigation system consists of a transmitter that
generates an alternating magnetic field with a frequency outside the band occupied by the MR signal.
The field received by the local MR coils is modulated by motion>. Both SG and PT potentially replace
the ECG signal and navigator scans in 4D/5D flow imaging. In this study, we explore the use of PT
signals to reconstruct 5D flow data and compare reconstructions to those using the previously reported
SG method? as well as a reference standard 4D flow sequence.
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Figure 1. Study Pipeline. A. Free-running 5D flow data were acquired and the ECG signal was recorded for
subsequent comparisons (F.). A-C. Cardiac and respiratory signals were extracted from either periodically
acquired SI readouts or Pilot Tone signals. D-E. Finally, k-space data were binned and reconstructed with XD-
GRASP?. F. The end-expiratory datasets were used for flow calculations and comparison with 4D flow values.

A. Acquisition Time B. Trigger Precision
(min:sec) Cardiac Gating Error (%)
Volunteer 4D Flow SD Flow ECGvs SG | ECGvs PT
1 13:43 7:53 3.1 33
2 14:33 7:53 4.4 5.6
3 16:35 7:53 1.8 2.0
4 7:11 7:53 1.6 29
5 5:20 7:53 2.6 1.7
6 10:33 8:43 5.7 5.7
7 6:00 7:50 2.8 34
8 5:57 7:50 2.1 24
9 12:8 7:52 1.4 24
10 8:21 7:50 3.9 4.7
11 12:34 7:50 2.6 2.2
Mean +£S8D | 10:16 £3:55 | 7:57+0:15 29+13 33+14
T-Test 0.08 0.08

Figure 2. A. Acquisition time of the 4D flow and 5D flow sequences for all subjects.
Variation in 5D flow acquisitions times are due to field-of-view size. 4D flow times varied
due to navigator efficiency and heart rate. B. Cardiac gating error given as the standard
deviation of the difference between SG or PT triggers and the recorded R-wave of the
ECG, normalized by the mean ECG RR-Interval.

Methods

One navigator gated 4D flow sequence’ covering the aorta and one prototype free-running radial
whole-heart 5D flow sequence® were used for imaging in 11 healthy adult volunteers (age: 27.9+3.6
years) who provided written informed consent on a 1.5T MAGNETOM Sola (Siemens Healthcare,
Erlangen, Germany), using a 12-channel body coil with an integrated PT transmitter. Scan parameters
were: field of view (4D: (200-292.8 mm) x (360-366 mm) x (75-137.4 mm), 5D: (220mm)?*-
(260mm)?); spatial resolution (4D: 2.4x2.4x2.5 mm?, 5D: (2.3mm)?); temporal resolution (4D: 38.6-
57.9ms, 5D: 50ms); velocity encoding (4D/5D: 150cm/s). Both 4D flow and 5D flow were performed
during free-breathing and the ECG signal was measured during 5D flow scans for subsequent

comparison. The acquisition time of each sequence was also recorded.
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For 5D flow, cardiac and respiratory signals were retrospectively extracted from SG and PT signals
using the post-processing steps outlined in Fig.1. For both SG and PT, the cardiac gating error was
quantified as the standard deviation of the difference between SG or PT triggers and the recorded ECG,
normalized by the mean ECG RR-Interval?,

After signal extraction, the SG and PT 5D flow datasets were binned into 4 respiratory and 17-23
cardiac frames, depending on the subject’s heartrate, and reconstructed using XD- GRASP?. For the
4D flow datasets and the two 5D flow datasets (with SG and PT), flow curves were calculated in two
segments of the ascending aorta (AAol, AAo2), one segment of the descending aorta (Dao), and one
segment of the aortic arch (Arch) using Siemens 4D Flow v2.4. Additionally, the net flow volume and
peak flow were computed and compared using the Wilcoxon signed rank test.
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Figure 3. Comparison of flow curves from four healthy volunteers (A-D) originating from four planes
along the aorta. The flow curves from the two 5D flow reconstructions (SG and PT signal extraction) show similar
temporal evolution, but underestimate peak flows in comparison to 4D flow (see arrows). AAol: lower segment
of the ascending aorta, AAo2: upper segment of the ascending aorta, DAo: descending aorta, Arch: aortic arch.
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L W 7

Figure 4. Flow streamlines across one cardiac cycle for 4D flow, 5D flow with SG and 5D flow PT. (animated)
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Figure 5. Net flow volume (A.) and peak flow (B.) population distributions for 4D flow, SG and PT 5D
flow reconstructions. The interquartile range is shown by the blue boxes. Mean and Standard Deviation values
are shown in C. and D., respectively. E. The Wilcoxon signed-rank test shows that both SG and PT 5D flow
underestimated peak flow values in comparison to 4D flow, with the exception of the AAo2. AAol: lower segment
of the ascending aorta, AAo2: upper segment of the ascending aorta, Dao: descending aorta, Arch: aortic arch.

Results

The acquisition time of the 5D flow sequence (7min 57s+15s) was shorter (p=0.08) and less variant
than that of the 4D flow protocol (10min 16s+3min 55s) across all subjects (Fig.2). The mean and
standard deviation of the cardiac gating error across volunteers were 2.9+1.3% for SG and 3.3+1.4%
for PT (Tab.2, p=0.08). Figure 3 shows flow curves for the four aortic segments in four subjects, as
well as flow streamlines immediately after peak systole for 4D flow and 5D flow reconstructed with
self-gated and Pilot Tone gated signals. A flow animation for a full cardiac cycle using the three
reconstructions is depicted in Fig.4. The 3D hemodynamics of the flow streamlines across the same
subject were consistent, although some reduced flow values were observed on both 5D flow
reconstructions. Regarding the net flow volume (Fig.5), there were no significant differences between
4D flow and either SG or PT 5D flow. Nevertheless, compared to the 4D flow measurements, the peak
flow was significantly decreased for both SG and PT 5D flow for the lower segment of the ascending
aorta, the descending aorta and the aortic arch (p<0.05).

Discussion

5D flow scans provided whole-heart coverage in a predictable and shorter scan time, whereas 4D
flow suffered from variable efficiency due heart rate and variable navigator efficiency secondary to
variability in breathing patterns. The cardiac gating error was consistent between SG and PT and within
the range of previously reported values for SG?, demonstrating the feasibility of PT as an alternative
method for cardiac and respiratory gating in 5D flow imaging. While underestimation of the peak flow
has been reported before® and may be caused by temporal undersampling and regularization, further
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investigation is required. Still, the temporal evolution of the flow curves and agreement in net flow
volumes suggests 5D flow using SG or PT is a promising alternative to 4D flow, providing whole-
heart coverage with matching temporal and spatial resolution predictably in less than 10min.

Conclusions

Pilot Tone signals provide a valuable alternative to self-gating for ECG- and navigator-free cardiac
and respiratory motion-resolved 5D flow, while being completely independent of the acquisition. As
a result, the feasibility of using Pilot Tone for signal extraction may open new opportunities for
improving flow acquisitions, including reduced scan times, and improved k-space sampling.
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Synopsis

In this work, a free-running radial whole-heart flow sequence was acquired in five congenital heart
disease (CHD) patients and images were reconstructed using a) a previously developed 5D flow
framework for respiratory and cardiac resolved images, and b) a novel framework for respiratory
motion corrected and cardiac resolved 4D flow (fNAV). Image and flow differences were measured
across a range of acceleration factors. We showed that the free-running acquisition, which is already
undersampled, can be even further accelerated with less signal degradation if it is reconstructed with
fNAYV 4D flow, compared to using 5D flow.

Introduction

4D flow MRI is typically acquired over several minutes during free-breathing and, therefore,
requires respiratory motion compensation. This is typically achieved using respiratory navigators that
limit data acquisition to a predetermined respiratory level, resulting in decreased scanning efficiency!?.
Alternatively, data acquired throughout the entire respiratory cycle may be used for image
reconstruction by either correcting respiratory motion®*, or by binning the data into unique phases to
resolve respiratory motion, allowing for more predictable scanning times®>~’. The increased scanning
efficiency derived from correcting or resolving respiratory motion may be used for improved
resolution, volumetric coverage, or to further accelerate the already undersampled acquisitions®®. In
this work, we present a novel approach for respiratory motion correction in free-running radial whole-
heart flow MRI based on focused navigation (fNAV)!?. We compared respiratory corrected INAV 4D
flow to respiratory resolved 5D flow6 reconstructions of the same datasets across a range of
undersampling factors, and tested the hypothesis that fNAV 4D flow enables higher acceleration
factors than the ones already achieved in free-running flow, as opposed to 5D flow.
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Figure 1. Study outline for reconstructing a free-running flow dataset. A. Reconstruction of motion-resolved
5D flow data uses the motion information to reconstruct images at different respiratory and cardiac phases. B1.
Cardiac motion-resolved and respiratory motion-corrected fNAV 4D flow reconstructions take advantage of the
respiratory motion and of data derived PCMRA images to iteratively estimate the rigid displacement of the heart due
to respiration for every readout (B2), and use auto-focusing to correct this displacement to the end-expiratory
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Figure 2. Velocity differences for increasing acceleration factors in one representative subject. A. MIP of
the velocity encoded in the z direction (cm/s) for each acceleration factor (a=[1,1.25,1.67,2.5,5]) and reconstruction
method (5D flow at end-expiration and 4D flow fNAV). B. Voxel-wise velocity bias (in cm/s) in Bland-Altman plot
between 4D flow fNAV and 5D flow at (a=1). C. Bland-Altman plots of the voxel-wise velocity differences between
datasets with (a=1) and (a=[1.25,1.67,2.5,5]) for both 5D flow and 4D flow fNAYV in one representative subject.

Methods

Five CHD patients (18-29 years, 3 Female) were scanned after ferumoxytol contrast administration
(dose 2mg/kg) on a 1.5T clinical MR system (MAGNETOM Sola, Siemens Healthcare, Erlangen,
Germany) using a prototype free-running radial whole-heart flow sequence6,11. The study was
approved by the local ethics committee and all patients provided written informed consent compliant
with our institutional guidelines. Scan parameters (Scan time==8:08-8:14min, field of view=(220
mm)3-(260 mm)3, spatial resolution=(2.3 mm)3-(2.7 mm)3, temporal resolution=40ms,
Venc=200cm/s) were adjusted for each patient. Two reconstruction methods were used: a) extraction
of respiratory and cardiac self-gating signals6,12 for data sorting into a motion-resolved 5-dimensional
flow array and k-t-sparse SENSE reconstruction6,11(Fig.1A). b) cardiac self-gating signal extraction
for data sorting, and respiratory signal extraction to use as input for the auto-focusing algorithm(fNAV)
(Fig.1B)10. fNAV 4D flow reconstructions were similar to 5D flow, but without respiratory
regularization. 5D flow images at end-expiration were manually selected. To study the acceleration
effect, we reconstructed fNAV 4D flow and 5D flow images using [100,80,60,40,20]% of the acquired
data (retrospective acceleration factors a=[1,1.25,1.67,2.5,5], relative to originally undersampled
datasets®). Qualitative comparison of all reconstructions was performed by calculating the maximum
intensity projection (MIP) of the dominant velocity direction (z) in a sagittal reformat. Then, using a
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Figure 3. Image reconstruction error and flow error across the entire patient cohort for each acceleration factor.
A. Population mean and standard deviation of the root mean square error (RMSE) of each flow reconstruction method
calculated for each acceleration factor with respect to reconstructions using all acquired data (a=1), and for the three
encoded velocities. B. Mean accumulated flow error, averaged across five manually selected 2D planes for all patients,
with respect to (a=1) for both flow reconstruction methods.

3D segment of the aorta, a voxel-wise Bland-Altman plot was computed to estimate the intra-voxel
variability across the different acceleration factors in comparison to (a=1). The root mean square error
(RMSE) of all subjects was calculated between every acceleration factor and (a=1), across all voxels
and cardiac phases. Five 2D-orthogonal planes were segmented in the descending aorta for each
reconstructed image, and the flow curves, net flow, and peak flow measurements were calculated. The
mean accumulated flow error13 was computed for each 2D plane as the difference between the flow
curves of each acceleration factor with respect to (a=1).

Results

MIP images of the aorta showed good visual agreement between fNAV 4D flow and 5D flow
(Fig.2A) for reconstructions using all acquired data (a=1). For increasing acceleration factors,
degradation of 5D flow reconstructions is noticeable while fNAV 4D flow remains relatively
consistent. These qualitative results are corroborated by the Bland-Altman plots of the velocity vector
for increasing acceleration factors (Fig.2B-C), showing an overall larger standard deviation within the
5D flow datasets. RMSE (Fig.3A) and mean accumulated flow error (Fig.3B) increased with
acceleration factor for both fNAV 4D flow and 5D flow as expected, but the error was higher overall
in magnitude and variability for the 5D flow images. Higher net flow and peak flow measurements
(Fig.4) were reported in fNAV 4D flow images, relative to 5D flow, while also being more robust to
increasing acceleration factors.
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Figure 4. Representative flow measurements for increasing acceleration factors in one representative subject
across the five 2D planes. A. Manually selected 2D planes in the descending aorta. B. Net flow and peak flow
measurements in ml/s reconstructed at different acceleration factors and averaged across the five 2D planes. C. Flow curves
and their variation across the different 2D planes, for both fNAV 4D flow and 5D flow, and for all acceleration factors.

Discussion

fNAYV 4D flow provided comparable, albeit slightly increased net and peak flow measurements,
relative to 5D flow, and showed less degradation in overall reconstruction and flow errors for the tested
acceleration factors, confirming therefore our original hypothesis. Our results, albeit with a small
sample size, suggest that acquisitions reconstructed with fNAV 4D flow could be prospectively
accelerated by a larger factor than when using 5D flow, and without significant degradation of image
quality or flow measurements. For instance, using 60% of the original data for reconstruction with
fNAV 4D flow (a=1.67) would grant similar flow measurements from the original data size, and would
provide lower signal corruption and flow variability than a 5D flow reconstruction using only 80% of
the data (a=1.25).

Intra-voxel variability was reported between the two reconstructions, so further comparisons to
established Cartesian 2D or 4D flow are needed to determine which of these methods better represents
ground truth. Nevertheless, SD flow has previously reported underestimated flow measurements
relative to Cartesian 4D flow, possibly due to physiological variation or overregularization from the
reconstruction algorithm. fNAV 4D flow may, thus, help elucidate whether increasing the amount of
data per cardiac bin improves the agreement between the proposed radial and established Cartesian
flow measurements.

Conclusion

Our results suggest the robustness of fNAV 4D flow across the tested acceleration factors in
comparison to 5D flow, may enabled faster scan times, improved resolution, or better agreement with
the established Cartesian flow measurements.
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Synopsis

We introduce a novel method for combining multiple free-running MRI acquisitions together,
through the use of cardiac and respiratory signal extraction with Pilot Tone navigation called
Synchronization of Neighboring Acquisitions by Physiological Signals (SyNAPS). We demonstrate
the initial feasibility and utility of SyNAPS on a setup for joint reconstruction of back-to-back dynamic
anatomical and flow MRI acquisitions, here named 4D flow SyNAPS. Overall, 4D flow SyNAPS
enabled an improved structural visualization, when compared to the magnitude images from 4D flow
datasets alone, and the resulting flow measurements showed better agreement with reference 2D flow
acquisitions.

Introduction

The free-running framework was recently developed for fully self-gated whole-heart MRI' and has
been extended to angiography?, flow™*, T1° and fat fraction® mapping. Each of these branches benefit
from a simplified workflow and predictable scan times without the need for ECG gating or respiratory
navigation. However, self-gating, which extracts cardiac and respiratory motion signals from the data
themselves, has been shown to have unpredictable shifts relative to known physiological markers (i.e.
R-wave, end-expiratory position), precluding a comprehensive analysis of different free-running
branches in the same exam, or requiring additional manual spatial and temporal synchronization of
the resulting images'. In this work, we present a novel approach for combining multiple free-running
acquisitions called Synchronization of Neighboring Acquisitions by Physiological Signals (SyNAPS).
In the proposed SyNAPS framework, we use the Pilot Tone (PT) navigation system*’? to acquire
cardiac and respiratory motion signals in parallel to sequential free-running acquisitions. The PT
signals, fully independent from the imaging acquisitions, then inform a joint respiratory motion-
corrected and cardiac motion-resolved 4D image reconstruction®!?. Here, we demonstrate the initial
feasibility and utility of SyNAPS using sequentially acquired free-running 3D radial fast interrupted

246



steady-state (FISS)!!' and free-running 3D radial flow data sets (4D Flow)>!°, We test the hypothesis
that using SyNAPS, the magnitude images from FISS can be leveraged to improve vessel segmentation
and subsequent flow quantification in the free-running 4D Flow data'?. We compare this approach
called 4D Flow SyNAPS to 4D Flow alone, and to a 2D Flow reference standard.

A. Acquisition of free-running anatomical data immediately followed by acquisition of free-running flow data

B. Joint estimation of respiratory curves and cardiac triggers using Pilot Tone

4

(750N PT respiratory
\\i\\‘lh’/’,‘/ signal
PT cardiac
signal

|| | NS | RRN | (RN | MR | BN Cardiac

binning

D. Apply the rigid respiratory motion to both anatomical and flow datasets

E. Reconstruct both cardiac resolved volumes (4D) using k-t-sparse SENSE

F. Extract magnitude and phase information for 4D Flow SyNAPS

4D FISS
4D Flow

Figure 1. 4D Flow SyNAPS study pipeline with integrated SyNAPS framework (B-E.). A. Two free-running
3D radial MRI sequences are acquired: FISS!! and Flow™!°. PT signals are detected continuously throughout the two
acquisitions. B. Respiratory and cardiac signals are extracted together. C. Respiratory motion displacements are
obtained from FISS using fNAV?®, D. and are applied to both sequences. E. A k-t-sparse SENSE reconstruction
creates 4D images for both sequences. F. Magnitude and Phase images from 4D FISS and 4D Flow, respectively,
create the final 4D Flow SyNAPS.
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Methods

Five healthy volunteers (2F, ages 23-32) and two Marfan Syndrome patients (2F, ages 14-18) were
scanned on a 1.5T MAGNETOM Sola system (Siemens Healthcare, Erlangen, Germany) using a 12-
channel body coil array with an integrated PT transmitter. All subjects provided written informed
consent compliant with our institutional guidelines and approved by the local research ethics
committee. Two 2D Flow datasets were acquired as reference (ascending and descending aorta (AAo,
DAo) (TR/TE=5.1/2.9ms, venc=150cm/s, FOV=380x260mm?2, spatial resolution=2.0x2.0x6.0mm3,
Scan time=0:15min). Then, two prototype free-running radial whole-heart MRI sequences' were ran,
the first one was FISS!! followed immediately by 4D Flow™>!? (Fig.1A). Scan parameters for FISS
were TR/TE=2.94/1.5ms, segments=12000, readouts per FISS module=4, number of FISS modules=6,
FOV=(220mm)3, spatial resolution=(2.0mm)3, Scan time=3:45min. Scan parameters for 4D Flow
(TR/TE=5.3/3.5ms, shots=4820, segments=21, venc=150cm/s, FOV=(220mm)3, spatial
resolution=(2.0mm)3, Scan time=8:59min.

SyNAPS was used to connect the reconstruction of the two sequences (Fig.1B-E). PT respiratory
and cardiac signals spanning the two free-running sequences were extracted for subsequent respiratory
motion correction and cardiac binning (Fig.1B). Translational respiratory motion correction of the
underlying k-space data was performed on both free-running FISS and 4D flow datasets, using focused
navigation (fNAV) coefficients estimated from the FISS data (Fig.1C-D)*!°. Finally, each dataset was
reconstructed into cardiac motion-resolved volumes (4D) using a k-t-sparse SENSE algorithm
(Fig.1E-F). To demonstrate the utility of the SyNAPS framework, the high blood-myocardium
contrast images from FISS were combined with the phase images from 4D Flow to create 4D Flow
SyNAPS. This was compared to 4D Flow alone, as well as to the reference 2D Flow data by
retrospectively extracting matching slice positions. Measurements in the AAo and DAo were
quantitatively compared (Circle cvi42, Calgary, Canada), in terms of flow measurements (flow rate,
net volume, peak flow) and vessel area over the cardiac cycle.

| 2DFlow || 4DFlow || 4D Flow SyNAPs | | 2pFlow || 4DFlow || 4D Flow SyNAPs

AAo
AAo

DAo

i' Healthy Volunteer , 23Y
DAo

# Healthy Volunteer, 26Y

Figure 2. Comparison of reference 2D Flow to 4D Flow and 4D Flow SyNAPS for two representative healthy
volunteers. The anatomical images integrated in 4D Flow SyNAPS increase the image contrast when compared to 4D
Flow MRI. Additionally, heart and vessel structures are better depicted in 4D Flow SyNAPS, with similar contrast to the
one from 2D Flow MRI. AAo: base of the ascending aorta; DAo: the mid descending aorta. Blue and red dots inside vessel
segmentation represent maximum and minimum velocity voxels.
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Results

The contrast of 4D Flow SyNAPS magnitude images (derived from the FISS sequence) demonstrates
a clear improvement over 4D Flow alone (Figure 2), and are comparable to the 2D Flow images, which
benefit from in-flow enhancement. For all five healthy volunteers, 4D Flow SyNAPS yielded flow
rates and vessel area changes comparable to 2D Flow MRI (Figure 3). Linear regression reported
similar significant correlation between all flow datasets (p<0.05); Bland-Altman analysis reported a
lower bias and limits of agreement between 4D Flow SyNAPS and 2D Flow (Figure 4) relative to 4D
Flow alone. For the two patient datasets, fusion of anatomical and flow information (Figure 5) clearly
demonstrates the successful synchronization of the two sequences.
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Figure 3. Example respiratory and cardiac signals extracted with SYNAPS (A.) and visualization of flow rate
and vessel area across the cardiac cycle, for 2D Flow, 4D Flow, and 4D Flow SyNAPS. For all healthy volunteers
included in this study, two vessel locations were chosen, one at the base of the ascending aorta (AAo), and another one in
the mid descending aorta (DAo). Black: 2D Flow; Blue: 4D Flow; Red: 4D Flow SyNAPS.

Discussion and Conclusion

This work introduces SyNAPS, a framework that builds towards comprehensive whole-heart MRI
by synchronizing different branches of the free-running framework. We demonstrated the initial
feasibility and utility of SyNAPS on a setup for joint whole-heart anatomical and flow MRI that does
not require ECG gating or respiratory navigators. We show that the high-contrast anatomical imaging
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sequence can be leveraged to improve 3D flow measurements that often suffer from poor delineation
of the vessel boundaries in the absence of contrast agents [12]. These promising initial results motivate
further validation of the framework, especially in the context of heart-rate variability and respiratory
drift. While the current implementation used the respiratory signal for motion correction, this
framework could be easily extended to respiratory-resolved 5D imaging. Finally, SyNAPS can be
readily applied to other branches of the free-running framework in order to create a simplified
workflow for a comprehensive assessment of the structure, dynamic function, blood flow, and tissue
properties of the heart, with the overarching goal of creating new MRI-based tools in the diagnosis and
management of heart disease.

Linear regression Bland-Altman Metrics
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Figure 4. Comparison of net flow (A-B) and peak flow (C-D) measurements between 4D Flow vs. 2D Flow as well
as between 4D Flow SyNAPS vs. 2D Flow. Linear regression (A-C) and Bland Altman (B-D) plots show smaller biases
when using 4D Flow SyNAPS. A-C. Black dotted lines represent the ideal linear regression trend (slope=1) and color
dashed lines represent the linear regression outcome for each pair. B-D. bias is depicted in solid lines; limits of agreement
(LOA) are represented by dashed lines. Blue: 4D Flow vs. 2D Flow; Red: 4D Flow SyNAPS vs. 2D Flow. r2: coefficient
of determination.
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