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Abstract

Classification of heart failure is based on the left ventricular ejection fraction (LVEF): preserved
EF, mid-range EF, and reduced EF. There remains an unmet need for further heart failure
phenotyping of ventricular structure-function relationships. Due to high spatiotemporal resolution,
cardiac magnetic resonance (CMR) remains the reference modality for quantification of
ventricular contractile function. Recent technical advancements in CMR have shifted the paradigm
for quantification of ventricular function beyond the EF to include myocardial mechanics, in vivo
tissue microstructure, and intraventricular flow analysis. Advanced methods in image
reconstruction, post-processing, and off-label use of iron-based contrast agents such as
ferumoxytol have enhanced the clinical CMR workflow. We aim to highlight novel frameworks
including theranostic use of ferumoxytol to enable more efficient evaluation of ventricular
function in heart failure patients who are also frequently anemic, and to discuss emerging
quantitative CMR approaches for evaluation of ventricular structure-function relationships in heart
failure.

Keywords

heart failure; cardiovascular magnetic resonance; strain; diffusion tensor; 4D flow; cardiac
function and morphology; myocardial microstructure; ferumoxytol

INTRODUCTION

Heart failure (HF) affects approximately 6.5 million adults in the U.S. and is expected to
increase in prevalence due to an aging population and cardiometabolic disorders. Although
imperfect, the left ventricular ejection fraction (LVEF) serves as a surrogate marker for
combined LV function and structural phenotyping of HF. Current classification of HF is
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based solely on the EF and can be divided into 1) HF with preserved EF (HFpEF, LVEF
>50%), 2) reduced EF (HFrEF, LVEF <40%, and 3) mid-range EF (HFmrEF, LVEF 40-
49%). Echocardiography is the mainstay of initial L\VEF assessment in patients who present
with signs and symptoms of HF. However, cardiovascular magnetic resonance (CMR)
imaging serves as the standard reference modality for quantification of ventricular volume,
global and regional contractile function, and ventricular mass because of its high
spatiotemporal resolution. In the past decade however, advances in CMR have shifted the
paradigm beyond quantification of ventricular EF to provide other quantitative signatures of
ventricular function.

Most recently, the use of LVEF to categorize cardiomyopathies and to serve as a proxy for
contractility in the failing heart has been called into question due to dependency of LVEF on
load and heart rate as well as interobserver variability when derived from 2D cardiac
ultrasound.? Historically, the concept of ventricular EF arose from development of
angiographic techniques to reliably measure stroke volume. Kennedy et al® first defined the
EF as the stroke volume divided by end-diastolic volume (or the ejected ventricular volume).
Sonnenblick et al* later demonstrated EF to be related to sarcomere shortening. Together,
these findings serve as the basis for historical and current use of LVEF as a measurement of
contractile function. As a measure for diagnosis, prognosis, treatment, and development of
new therapeutics, the LVEF has stood the test of time through its strong inverse association
with mortality and its prediction of both clinical outcomes and therapeutic response across a
wide range of patients and disease states.

One unmet area in HF phenomapping where CMR stands to fill a large gap is HFpEF and
HFmrEF. Beyond ventricular function, volume, and mass, CMR can provide additional
information on tissue characteristics, perfusion, myocardial mechanics, tissue
microarchitecture, and intraventricular blood flow patterns. Excellent, detailed discussions
of technical CMR principles® 6 and imaging protocols’- & are available in the published
literature. In this work, we provide a summary of technical advances in novel CMR methods
to improve quantitative assessment of ventricular contractile structure-function relationships.

VENTRICULAR STRUCTURE-FUNCTION RELATIONSHIP

The relationship between myocardial architecture and ventricular function is complex.
Myocardial deformation, microstructural orientation, and LV shape contribute to the overall
EF. Ventricular contraction occurs along the longitudinal axis with circumferential
shortening and radial thickening. From the LV apex to base, cardiomyocytes have a left-
handed helical course at the epicardium, transitioning to circumferential arrangements at the
mid-myocardium, and turning towards a right-handed helical pattern at the endocardium.®
The helical arrangement contributes to myocardial rotation and torsion during contraction.
Cardiomyocytes serve as fundamental contractile elements and only shorten by ~15% and
thicken by ~8% during systole. Secondary organization of myocytes consist of laminar
structures (~5-10 cardiomyocytes thick) termed sheets10 or sheetlets that are surrounded by
collagen and multiple other local subpopulations of counter-sloping sheetlets (shear layers).
11 Together, the reorientation of the sheetlets and shear layer slippage serve as the main
contributors to LV wall thickening and base-to-apex systolic shortening.
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THERANOSTIC USE OF FERUMOXYTOL IN HEART FAILURE

Thirty to 50% of HF patients have anemia of chronic disease.1? Guidelines!?® and expert
opinions# recommend intravenous rather than oral iron repletion because supplementation
has been shown to improve exercise capacity, HF symptoms, and health-related quality of
life; yet, not all patients are adequately treated. Many HF patients also have concomitant
cardiorenal disease, which limit the use of gadolinium-based MR contrast agents. Even in
the absence of renal dysfunction, data have emerged to support accumulation of gadolinium
in brain and other tissues.15 18 CMR with cine imaging is typically performed without
contrast agents. However, some techniques to further characterize ventricular function may
benefit from contrast enhancement. Contrast agents with paramagnetic properties are used in
CMR imaging to modify the T1, T2, and T2* relaxation times of local tissues and the
relative effects are visualized as tissue contrast using different CMR pulse sequences. In the
context of HF where patients have anemia and renal dysfunction, ferumoxytol (Feraheme,
AMAG Pharmaceuticals, Waltham, MA), may be used on-label for therapeutic (treatment of
anemia)l% 17 and off-label for diagnostic purposes.18-21 Ferumoxytol is an intravenous iron-
oxide nanoparticle that has been approved by the U.S. Food and Drug Administration for
treatment of iron deficiency anemia and was originally developed as an MR contrast agent,
22,23 hyt manufacturers eventually pursued a therapeutic indication. As an ultrasmall,
superparamagnetic, iron-oxide nanoparticle with an intravascular half-life of 14-15 hours
and a high rq of 15 L mmol~1s~1, ferumoxytol is predominantly an intravascular contrast
agent, but its biodistribution and metabolism by the reticuloendothelial system can be
leveraged for a variety of imaging indications18-21. 24 peyond the current capabilities of
commercially available gadolinium-based contrast agents (Fig. 1). The long half-life enables
a long temporal window for high-resolution, high signal-to-noise (SNR) vascular

imaging?% 21 while delayed imaging at later time points (1-10 days post-injection) enable
tracking of macrophage activity.25-27 Despite its promising applications, ferumoxytol
received an FDA black-box warning for potential anaphylactic allergic reactions related to
its post-marketing therapeutic use.28 With vigilant monitoring of vital signs, dilution, and
slow infusion, no further reports of fatal anaphylaxis allergic reactions have been reported.
In contrast, the diagnostic use of ferumoxytol has shown favorable safety profile in both
single-center2%-32 and multicenter reports.32 The total amount of ferumoxytol used for
diagnostic purposes is typically less than half the therapeutic dose. Several caveats merit
mention: 1) high ferumoxytol concentration may be associated with susceptibility artifacts,
2) effects may be present on MR images for up to 6 months, and 3) dilution factor and short
echo time must be carefully chosen for specific indications.

VENTRICULAR EJECTION FRACTION, VOLUME, AND MASS

2-Dimensional Imaging.
Conventional quantification of ventricular volume, ejection fraction, and mass is derived
from a stack of breath-held, 2D multi-slice, short-axis, cine MR images acquired from the
ventricular base to apex. Each 2D slice is 6-8mm in thickness and the interslice gap is 2—
4mm. The segmented raw image data are acquired for each cardiac phase of every cardiac
cycle and takes a total of 67 minutes if acceleration approaches are used. Images are
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typically acquired at end-expiration to ensure consistent cardiac positioning within the
thoracic cavity. The data are then averaged to generate a movie (typically 25-30 frames, Fig.
1). Acquisition of cine images can be performed using spoiled-gradient echo fast low-angle
shot (FLASH)34 or balanced steady-state free precession (bSSFP)3°: 36 pulse sequences.
FLASH relies on blood inflow to generate blood-myocardial contrast and has low contrast-
to-noise (CNR), especially at short repetition times (TR) and with low flow rates. bSSFP is
based on steady state signal (T2 to T1 ratio) and remains the cornerstone for cine MR
imaging. Relative to FLASH, bSSFP has higher in-plane resolution with shorter acquisition
time and better overall image quality. Shorter TR is possible with SSFP while maintaining
consistent high blood-myocardial contrast. However, SSFP tends to yield slightly higher LV
end-diastolic volume (EDV, 13.3£11.6mL, p<0.0001) and end-systolic volume (ESV,
12.2+11.7mL, p<0.0001) with lower ventricular mass (21.5+10.1g, p<0.0001).37. 38 L VEF
by SSFP is slightly lower relative to LVEF by gradient echo (3.8+4.6%, p<0.0001);
differences in LV stroke volume is negligible (0.7£11.6mL, p=0.69).

Image Acceleration.

To improve overall scan time, several acceleration strategies3®-41 may be employed to speed
up image acquisition and to reduce the acquisition of each 2D cine slice to 4-5 seconds.
These approaches all involve some form of data undersampling and can be classified as
parallel imaging, prior-knowledge-driven imaging including several k-t methods*2, and
compressed sensing. Of these approaches, parallel imaging is most widely used and two
variants are commercially available: sensitivity encoding (SENSE) and GeneRalized
Autocalibrating Partially Parallel Acquisitions (GRAPPA). SENSE formulates the image
reconstruction problem as an inverse problem and leverages intrinsic redundancies in multi-
coil image encoding to recover the image from under-sampled k-space data. While parallel
imaging along with improved coil arrays can reduce scan time by three- to four-fold, prior-
knowledge-driven approaches or the combination of prior-knowledge-driven and parallel
imaging can achieve higher acceleration relative to parallel imaging alone. The latter
combination of approaches is especially important for dynamic imaging such as cardiac cine
imaging because these methods leverage close correlation between dynamic frames to
achieve greater k-space undersampling. With acceleration however, tradeoffs between
acceleration and occurrence of artifacts need to be considered. For parallel imaging, SNR
and contrast-to-noise ratios (CNR) used in image quality comparisons may require
consideration of spatially varying noise whereas temporal fidelity of images reconstructed
from certain knowledge-driven methods need further validation.

In compressed sensing*3 the transform domain L1-norm minimization using non-linear
optimization methods are applied at the time of image reconstruction to take advantage of
the intrinsic data sparsity of medical images in a pre-defined transform domain, such as
wavelet. Compressed sensing theory does not require multi-coil MRI data. However,
practical implementations of compressed sensing sometimes combines the L1-norm
minimization with a k-space data consistency measure based on multi-coil data and its
associated data redundancy.* Whole-heart, cine CMR with compressed sensing is
commercially available on more recent state-of-the-art scanners and can be completed in a
single breath-hold.#® Relative to conventional multislice breath-held SSFP, whole-heart,

Heart Fail Clin. Author manuscript; available in PMC 2021 June 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nguyen et al.

Page 5

single-breath-held SSFP using compressed sensing yields an LVEF mean difference of
1.3+4.3% (p=0.11), LV ESV mean difference of 2.0£11.7mL (p=0.24), LV EDV mean
difference of 9.9+10.2mL (p=0.0009), LV stroke volume mean difference of 8.8+12.8mL
(p=0.11), and LV mass mean difference of —2.5+ 9.6g (p=0.18).4> With compressed sensing
and incorporation of machine-learning methods including deep neural networks, further
efficiency may be achieved.!

3- and 4-Dimensional Imaging.

Potential gains from 3D imaging with wider field of view have led to increased interest in
4D (3D + cardiac phase-resolved) CMR techniques.#6-61 For conventional CMR scans,
multiple additional 2D breath-held slices are acquired in customized imaging planes to
answer specific clinical questions in addition to a stack of 2D short axis cine images.
Incorporation of isotropic, non-angulated 3D CMR acquisitions with parallel and
undersampling reconstruction and respiratory gating has been incorporated into several
strategies of 2D and 3D sequences®2-54 to create whole-heart 3D imaging. With newer 4D
CMR techniques, the resulting whole-heart cine images can be interrogated in any arbitrary
imaging plane after image acquisition and inline reconstruction. While promising, these
approaches are not yet commercially available because vendors have not perceived demand
by users and insufficient cost-benefit analyses are available. One set of techniques, 4D
MUItiphase Steady-state Imaging with Contrast (MUSIC),%2 and its sister, self-gated 4D
MUItiphase Steady-state Imaging with Contrast Using ROtating Cartesian K-space (ROCK-
MUSIC),53. 55. 65 has demonstrated technical feasibility and early value in patients with
congenital heart disease,? especially in neonates and very young children. MUSIC and
ROCK-MUSIC leverage the off-label use of ferumoxytol contrast to achieve submillimeter
isotropic in-plane spatial resolution (Fig. 2). MUSIC uses the ventilator signal for gating
while ROCK-MUSIC is a free-breathing imaging technique. Both are effective for
generating high-resolution 4D cine images inclusive of both the beating heart and relevant
pulsatile thoraco-abdominal vessels within 5-10 minutes, which depends on the required
temporal resolution. Availability of 3D and 4D datasets of ventricular function has paved the
way for image-based computational models of cardiac structure and function in several
disease states through advanced applications such as statistical shape modeling.86: 67

5-Dimensional Imaging.

Most recently, a framework for free-breathing MRI was developed which may offer
simultaneous evaluation of cardiopulmonary physiology: eXtra-Dimensional Golden-angle
RAdial Sparse Parallel (XD-GRASP) imaging.68 XD-GRASP builds upon iGRASP®?
whereby continuous multidimensional data are acquired and then sorted into undersampled
datasets with distinct motion-states. Compressed sensing is used to reconstruct the motion-
sorted datasets from radial k-space data. The extra dimensions may provide additional
physiological information, which can be extracted during reconstruction. Based on a 5D
whole-heart sparse imaging framework,’? simultaneous evaluation of myocardial motion
and high-resolution cardiac and respiratory motion-resolved acquisitions can be achieved in
a single continuous non-contrast exam. These techniques were applied to a 4D flow
sequence (XD flow) for simultaneous assessment of cardiopulmonary physiology and where
information about ventricular function can be extracted from the anatomic images.’?

Heart Fail Clin. Author manuscript; available in PMC 2021 June 02.
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Real-time Imaging.
Patients with heart failure frequently have irregular heart rhythms or difficulty with breath-
holding; in these cases, real-time cine CMR may be employed. Feasibility of real-time
CMR"2. 73 was facilitated by exploitation of nonlinear algorithms, which has progressed to
encompass modified use of radial sampling,’# parallel imaging,’® 76 sparse sampling with
iterative reconstruction,’”89 compressed sensing,81 82 and unsupervised motion-corrected
reconstruction (MOCO-RT).83 Real-time cine CMR used a fast low-angle single-shot
acquisition approach,’? 73 but more recently has transitioned to bSSFP80: 83 to improve the
SNR as well as spatiotemporal characteristics. The MOCO-RT technique relies on bSSFP,
free-breathing, Cartesian, real-time cine acquisition with GRAPPA, and inline unsupervised
motion correction. Relative to conventional segmented 2D bSSFP cine, MOCO-RT yields an
LVEF mean difference of 1.9% (95% CI —1.9 to 5.6%), LV ESV mean difference of —4.9mL
(95% CI -15.6 to 5.8mL), LV EDV mean difference of —=5.8mL (95% CI —26.7 to 15.0mL).
Compared to other approaches for real-time cine imaging, the MOCO-RT technique’s inline
reconstruction makes it a more clinically relevant technique with potential for widespread
adoption.

Post-processing of Cine Images.

Commercially available software can be used to segment and quantify ventricular volume,
ejection fraction, and mass from multi-slice 2D cine images. The routine use of commercial
software to analyze 4D datasets remain in the research realm. Potential sources for
variability in ventricular volumes merit consideration. The most common error for
variability in volumes is selection of the basal short axis slice, which is defined as the most
basal slice whereby 50% of the slice’s circumference consists of myocardium. This error is
offset by using a combination of long-axis and short-axis images when selecting the most
basal short-axis slice. Other sources of error include endocardial and epicardial contouring,
inexperienced operators, and lack of standardization within an imaging lab. More recent
iterations of commercially available CMR processing software have incorporated artificial
intelligence into segmentation algorithms to further reduce variability and sources of error.
Post-processing of 4D and 5D datasets rely on in-house methods and few commercially
available software currently accommodate these data for clinical workflow.

GLOBAL AND REGIONAL MYOCARDIAL MECHANICS

Ventricular structure and function relationships can also be further characterized by
quantifying myocardial strain and tissue velocities from myocardial tagging, tissue
displacement, and tissue phase mapping techniques.8* Global and regional myocardial
contractility can be described through measures of longitudinal, circumferential, and radial
strain and strain rate as well as rotational mechanics including torsion and twist using
tagging or tissue displacement imaging. Myocardial tagging®®: 8 involves labeling segments
of the ventricular myocardium with dark bands that are perpendicular to the imaging planes
to create grid or linear patterns (Fig. 3). Tagging can be done in Cartesian or in polar
coordinates.8” The latter is a better for the ventricular shape and enables higher density of
tag lines that are either in the circular or radial direction. The evolution of tagging CMR
pulse sequences is nicely outlined by Ibrahim et al.86 “Tags” are applied at the onset of the R
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wave, deform throughout the cardiac cycle, and enable both visualization and quantification
of global and regional strain and strain rate. One drawback is fading of the tags as
magnetization recovers towards equilibrium due to spin-lattice relaxation throughout the
cardiac cycle, especially near end-diastole. Binomial rectilinear grid tags are limited by
spatial limits between the tag lines. Other challenges include lack of widely affordable and
available commercial software for analyzing specific types of tag lines for strain
measurements. Although 3D tagging is possible as a research tool, most clinical CMR
workflow rely on 2D myocardial tagging.

Tissue displacement techniques®® such as displacement encoding with simulated echoes
(DENSE), strain encoding (SENC), or feature tracking®8: 89 can also be used for derivation
of global and regional strain. DENSE displays tissue motion information at the pixel level,
the vector orientation and length reflect direction and magnitude, respectively. Unlike
DENSE, SENC, or tagging techniques, feature tracking is a post-processing technique that is
applied retrospectively to routinely acquired cine images for derivation of strain
measurements (Fig. 3). Feature tracking software tracks endocardial features after user-
defined epicardial and endocardial borders are delineated. Global longitudinal strain is
derived from three long axis cine images while global circumferential and radial strain are
derived from short axis cine images. Relative to conventional tagging or other tissue
displacement techniques, feature tracking has been more widely incorporated into routine
clinical CMR workflow because of its simplicity and post-processing is possible with several
commercially available CMR quantification software. Limitations of feature tracking include
pixel size (displacement smaller than the pixel size may not be detected), artefacts from
through plane motion, and 2D tracking. Global strain values are more reproducible than
regional strain with the most consistent parameter being global longitudinal strain. Global
circumferential and longitudinal strain values less negative than —17% or —20%,
respectively, are considered pathologic. In patients with HFpEF (n=206), feature tracking
derived global longitudinal strain was associated with HF hospitalizations and
cardiovascular death (hazard ratio 1.06% per 1% strain increase, 95% confidence interval
1.01-1.11, p=0.03).%0 These findings are consistent with a larger, multicenter study
(n=1274) showing global longitudinal strain derived from feature tracking is an independent
predictor of all-cause mortality in patients with HFpEF; each 1% worsening in global
longitudinal strain was associated with a 22.8% increased risk of death after adjusting for
clinical and other imaging factors.%! The impact of using feature tracking derived global
longitudinal strain extends to stress testing. In patients with known or suspected coronary
artery disease, blunted global longitudinal strain at peak vasodilator stress perfusion CMR
independently predicted major adverse cardiovascular events (death, nonfatal myocardial
infarction, heart failure hospitalization, sustained ventricular tachycardia, and late
revascularization).%2

DIFFUSION TENSOR FOR TISSUE MICROSTRUCTURE

Myocardial microstructure is crucial to ventricular architecture, shape, and overall
contractile function.?3: % Until diffusion tensor (DT) CMR was available, /7 vivo dynamic
evaluation of cardiac microstructure in the mammalian heart was not possible.
Developments in DT MR have been most robust in neuroimaging, but Edelman et al,% in
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1994, was able to overcome cardiac bulk motion using a stimulated echo acquisition mode
(STEAM) technique to capture the first /n vivo diffusion cardiac images. Both diffusion-
weighted (DW) and DT-CMR take advantage of the Brownian motion of water molecules in
myocardial tissue (cardiomyocytes and extracellular matrix) to provide measurements about
the myocardial tissue’s underlying microstructural organization.%8

DT-CMR relies on information obtained from DW images. By using strong bipolar gradients
(diffusion gradients) to sensitize the MR signal to the diffusivity of water molecules, DW
imaging generates a number of images with different degrees of diffusion weighing based on
the b-values (units of seconds per mm?2). Typical b-values range from 450 to 600 s/mm? and
reflect the gradient amplitude, duration, and temporal separation between the gradient
pulses. The water diffusivity along a particular spatial direction can be calculated by
performing an exponential fit on the signal intensities from the DW images. For DT-CMR,
the 3D diffusion tensor is calculated from DW images with multi-directional diffusion
encoding gradients. DT-CMR /i vivo data can be acquired using 1) cardiac and respiratory
dual-gated stimulated echo pulse sequences such as STEAM,%: 97 2) velocity-compensated
(M1 gradient moment nulled) and/or acceleration-compensated (M2 gradient moment
nulled) spin echo (SE) echo-planar imaging (EPI) sequences,%8-101 or 3) SE-EPI techniques
with post-processing using principal component analysis for motion filtering.192 M1/M2-
nulled approaches use motion-compensated diffusion encoding gradients to reduce signal
phase errors and signal void caused by cardiac motion; these techniques however, inevitably
increase the echo time and further reduce the SNR. STEAM does not require high
performance gradients because a significant contribution to the b value comes from the long
mixing time in STEAM rather than from the strong bipolar gradients in conventional SE-EPI
approaches.9 STEAM however, can be sensitive to relative motion that occurs between the
time of the stimulated echo encoding and the time of the diffusion readout, which happens
one heartbeat later. Therefore, it is crucial to ensure that the heart is in the same breathing
position and at the same time point within the cardiac cycle between these two successive
heartbeats. This may be achieved using ECG-gating and navigator-based respiratory gating.
97 In a typical STEAM scan, for every 2D slice, eight breath-held images are acquired over
~18 heart beats and averaged. The images are post-processed using proprietary software
algorithms to generate 3D diffusion tensor maps that reflect different components of
myocyte organization and behavior. Several recent clinical research studies!93-106 conducted
in small groups of normal volunteers and patients have relied on STEAM. Pathologies
included hypertrophic cardiomyopathy, dilated cardiomyopathy, myocardial infarction,
congenital heart disease, and amyloidosis.%: 106 Due to the intrinsic 50% SNR loss when
stimulated echoes are acquired, STEAM has relatively lower SNR than single-shot SE-EPI
acquisitions using similar pulse sequence parameters, which may be compensated by
incorporating larger voxel sizes (e.g. 2.8 x 2.8 x 8 mm?2).105 Moreover, STEAM is
dependent on two regular R-R intervals, is less applicable to patients with dysrhythmia, and
is susceptible to confounding effects of myocardial deformation due to the long diffusion
time.

Several quantitative DT-CMR parameters merit discussion because of their physiological
and clinical implications in structure-function relationships. DT-CMR relies on a 3D
eigensystem whereby the efjgenvalues (A1, A, A3) describe the magnitude of directional
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diffusivity and the eigenvectors (E1, E2, E3) describe the direction (Fig. 4). E1 is the
principle eigenvector and corresponds to the average intravoxel cardiomyocyte orientation
while E2 reflects the predominant sheetlet orientation and E3 reflects the normal sheetlet
orientation.197-110 The average eigenvector is represented by each imaging voxel and 3D
diffusion maps convey pixelwise information. Mean diffusivity (MD) is similar to mean
apparent diffusion coefficient (ADC) from DW imaging and reflects the average of the
eigenvalues. MD represents the packing of myocytes; low values indicate tight packing and
higher values indicate greater interstitial pathology. Fractional anisotropy (FA) values
parallel changes in tissue organization; a low FA may indicate greater myocyte disarray.
Using DT-CMR, MD and FA values can differentiate between cardiac amyloidosis and
hypertrophic cardiomyopathy.19 MD and FA are scalar diffusivity parameters and are
reported as global values across the mid-ventricle in healthy volunteers; they can vary
depending on the pulse sequence, cardiac phase, and b-values used during the image
acquisition. Cardiomyocyte orientation is described using the Aelix angle (HA, E1A), which
is the angulation created by E1 and the circumferential direction (Fig. 4). Sheetlet
orientation is described by E2A, which is the angulation between E2 projected onto the
cross-myocyte plane. In healthy myocardium, FA is highest in the mid-myocardium
(0.46+0.04) relative to the endo- (0.40+0.04) and epicardium (0.39+0.004).104 MD exhibits
a transmural gradient that increases from epicardium (0.87+0.07x10~3 mm?/s) to
endocardium (0.91+0.08x1073 mm?2/s).111 Transmural gradient of the HA reflecting
cardiomyocyte orientation is small (transverse angle is between —20° to +20°).110 Sheetlet
orientation (E2A) however, varies throughout the cardiac cycle and is likely due to radial
strain. Biphasic E2A variation is present using STEAM:112 26+6° in diastole, 54+6° in
systole. Together, measures of diffusivity, cardiomyocyte orientation, and sheetlet
orientation, can characterize dynamic microstructural alterations that affect the overall
ventricular geometry and function (Fig. 5).

4D INTRACARDIAC BLOOD FLOW

Ventricular geometry or shape is influenced by the impact of intracardiac blood flow over
time. To preserve energy during the cardiac cycle, blood flow through the ventricle generates
vortices. These intraventricular blood flow vortices are affected by changes in ventricular
geometry and have different formation time, size, shape, strength, depth, and direction based
on cardiac structure and function. In heart failure patients, the intracardiac blood flow
pattern is altered and has been shown to be associated with decreased preservation of LV
inflow kinetic energy. These parameters lend insight about the impact of intracardiac blood
flow on LV remodeling and overall function.

Recent advances in MR hardware and in image reconstruction and acceleration have enabled
the clinical use of 4D flow CMR for visualization and quantification of vascularl!3 and
intracardiac blood flow and energy distribution.114. 115 4D flow phase contrast pulse
sequences are typically non-breath-held because of long acquisition time (10-25 minutes).
Several image acceleration techniques are used to reduce acquisition time and a variety of
respiratory motion compensation or self-gating strategies are employed to cope with the
additional time window required for adequate spatial and temporal resolution. A spatial
resolution of <3.0 x 3.0 x 3.0 mm3 with high temporal resolution is necessary for
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quantification of intracardiac blood flow. The maximum flow velocity (or the velocity
encoding sensitivity [VENC]) is typically set at 10% above the maximal expected velocity to
avoid velocity aliasing. If the VENC is set too high, an increase in velocity noise may occur.
To include both early and late diastolic filling, retrospective cardiac gating is used. Because
several sources of error can lead to large discrepancies in 4D flow data, careful pre-
processing may be needed. Major sources of error include eddy current effects, concomitant
Maxwell field effects, gradient non-linearity, and phase wraps. Many of these errors are
corrected inline by the reconstruction algorithms on the scanner software. If velocity aliasing
occurs however, additional phase-unwrapping steps may be necessary. For quality control,
quantitative verification based on the conservation of mass principle is also employed. A
useful check is the consistency in net aortic and pulmonary artery outflow, which should be
equal in the absence of intracardiac shunts. Another internal check of the acquired data is
verification of 4D flow with a validated 2D phase-contrast scan.

Once acquired, 4D flow datasets can be reformatted to user-defined 2D views and blood
flow information (velocity direction and magnitude, kinetic energy, and vorticity) is color
coded using commercially available software. Data can be presented as 2D velocity vector or
2D streamline displays to reflect velocity direction. 3D visualization of intracardiac flow is
also possible. Three emerging quantitative parameters of relevance for structure-function
relationships include: 1) particle tracing quantification to evaluate blood volume

transportation efficiency,116: 117 2) intracardiac kinetic energy quantification (E = %mvz

where m=mass, v=velocity) for HF classification,118-120 and 3) vortical flow.121-123 35 an
indicator of maladaptive ventricular shape. The interplay among intracardiac blood volume
transport efficiency, kinetic energy, and altered vortical flow is grounded in the physics of
fluid dynamics and can be related to the mechanical function of the ventricle. Relative to
patients with normal LV function, patients with impaired LV function have persistence of
vortical flow (vortex formation) in both diastole and systole (Fig. 6).124 Because particle
tracing enables tracking of the 3D trajectory of blood volume (equal to the voxel size) over
the entire cardiac cycle, blood flow components in healthy and pathologic states can be
classified into direct flow, retained flow, delayed ejection, or residual volume. A higher
percentage of direct flow is assumed to be associated with more efficient transport of
intracardiac blood volume. In HF patients (n=34 dilated cardiomyopathy, n=30 ischemic
cardiomyopathy, n=36 healthy volunteers), direct-flow average intracardiac kinetic energy
had an independent predictive relationship with 6-minute walk distance (a prognostic
measure of functional capacity, p=0.280, p=0.035; model R? 0.466, p=0.002) but neither EF
nor LV volumes were independently predictive.125 In Fontan patients, both intracardiac
kinetic energy and vortical flow are altered126: 127 and in patients with total cavopulmonary
connections, exercise capacity has been linked to energy loss.128 With dobutamine-induced
stress in Fontan patients, kinetic energy, viscous energy loss, and vorticity increases and
percent change between rest-stress has negative correlation with VO, max (kinetic energy,
r=—0.83, p=0.003; energy loss, r=—0.80, p=0.006; vorticity volume, r=—0.64, p=0.047).128
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CONCLUSION

Diagnosis, prognosis, treatment, and development of new therapeutics require reliable
imaging biomarkers of contractile function beyond the EF. With robust computational
power, the development of image-based, multidimensional, patient-specific HF models that
incorporate myocardial deformation, tissue microstructure, and intracardiac flow data to
provide structure-function relationships is on the horizon. New CMR methods have potential
to facilitate HF phenotyping by enabling more granular characterization of ventricular
structure-function relationships. While exciting, a major limitation to widespread translation
of CMR techniques is vendor adoption and commercialization. Until demand for such
techniques follow market metrics and comparative-effectiveness studies with clinical
outcomes data are available, many of the described developments will remain in the research
realm and access will be limited to the few patients at medical centers with active technical
CMR research and industry relationships.
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KEY POINTS

Novel cardiovascular magnetic resonance (CMR) approaches enable
characterization of ventricular structure-function relationships in heart failure
patients beyond the ventricular ejection fraction.

Because heart failure patients are frequently anemic, theranostic use of
ferumoxytol may address anemia and improve CMR imaging by facilitating
steady-state contrast-enhanced image acquisition.

Technical developments for functional imaging include a shift from 2-
dimensional multislice cine acquisition to 5-dimensional imaging, which may
enable simultaneous evaluation of cardiopulmonary physiology.

Tissue motion mapping using feature tracking CMR has emerged as a
clinically useful tool for myocardial strain quantification and has gained
traction beyond conventional myocardial tagging and tissue velocity mapping
methods.

Diffusion tensor and intracardiac 4D flow mapping are promising techniques
for characterization of tissue microstructure and evaluation of intracardiac
blood flow’s impact on ventricular morphology.
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Conventional cine CMR with bSSFP

pre-ferumoxytol post-ferumoxytol

Fig. 1.
Quantification of left ventricular ejection fraction, volume, and mass can be accomplished

using non-contrast cine CMR using a balanced steady-state free precession pulse sequence
(bSSFP) (A) or from a fast low-angle single-shot (FLASH) (B) sequence. Using a long-axis
image (A, upper left panel), multislice 2D short-axis images from base to apex are acquired
perpendicular to the long-axis and then segmented offline to derive measures of left
ventricular function (ejection fraction, volume, mass). Relative to non-contrast cine CMR
images obtained from FLASH (B, left panel), ferumoxytol-enhanced cine FLASH CMR
images (B, right panel)have improved image quality with less artifacts and more
homogenous blood-pool.
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Fig. 2.
Ferumoxytol-enhanced 4D MUSIC CMR. Multiplanar reformats of 4D MUSIC in a three-

month old girl (7.7 kg) with Tetralogy of Fallot (ToF) and a double aortic arch. (A)
Characteristic features of ToF including right ventricular (RV) hypertrophy with dynamic
RV outflow tract obstruction, an overriding aorta, and a perimembranous ventricular septal
defect (black asterisk) are clearly visualized on dynamic review (Online movie 1A). Both
proximal courses of the left and right coronary arteries (A, white arrow) are also well
visualized; the distal right coronary artery can also be seen coursing along the right
ventricle. (B) The large ventricular septal defect (B, white arrow) and the double aortic arch
forming a complete vascular ring (C) are clearly delineated, without dynamic compression
of the trachea (Online movie 1B). (D) 3D print shows anomalous pulmonary venous
drainage with the left innominate vein (D, black arrow) dipping inferiorly before joining the
right innominate vein (D, white arrowhead) to form a right-sided superior vena cava. The
left superior vertical vein (D, black arrowhead) joins the low bridging left innominate vein
(D, black arrow) and the left superior pulmonary vein (D, white arrow), which forms the
confluence of the superior pulmonary venous trunk (Online movie 1A). Reprint from
Nguyen KL, Han F, Zhou Z et al. 4D MUSIC CMR: Value-based Imaging of Neonates and
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Infants with Congenital Heart Disease. J Cardiovasc Magn Reson 19, 40 (2017); with
permission. (Figure 6 in original).

Heart Fail Clin. Author manuscript; available in PMC 2021 June 02.

Page 21



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Nguyen et al.

A

tagged images

strain maps

Page 22

Grid tags B Feature tracking

B

diastole

Fig. 3.

M?/ocardial mechanics can be quantified using rectilinear grid tags (A), feature tracking (B),
or polar tags (C) in the circular and radial directions. Global and regional strain curves can
be used to derive longitudinal, circumferential, and radial strain and strain rate. Rotational
mechanics (torsion) is quantified using short-axis images. Panel C is adapted from Nasiraei-
Moghaddam A, Finn JP. Tagging of cardiac magnetic resonance images in the polar
coordinate system: physical principles and practical implementation; with permission. Magn
Reson Med. 2014;71:1750-9. (Figure 6 in original)
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Fig. 4.

Eigjenvectors Projected onto Cardiac Plane. The primary eigenvector (E1) is projected on the
circumferential-longitudinal plane giving rise to the helix angle (HA) (A). E1 is projected on
the circumferential-radial plane giving rise to the transverse angle (B). The voxels are cut in

a cross-myocyte direction, showing the plane perpendicular to E1 (C). Projecting the second
eigenvector (E2) onto the sheetlet plane gives E2A. From Khalique Z, Ferreira PF, Scott AD
et al. Diffusion Tensor Cardiovascular Magnetic Resonance Imaging: A Clinical Perspective.
JACC Cardiovascular imaging. 2020;13:1235-1255; with permission. (Figure 9 in original)
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DIFFUSION TENSOR CMR REVEALS IN-VIVO
MICROSTRUCTURE IN HEALTH

DYNAMIC SHEETLET REORIENTATION HELICAL ARRANGEMENT OF MYOCYTES

WALL THICKENING TORSION
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Fig. 5.

Digffusion tensor CMR (DT-CMR) in Health and in Disease States. In healthy left ventricles
(LV), DT-CMR demonstrates reorientation of cardiomyocyte sheetlets from “wall-parallel”
in diastole to “wall-perpendicular” in systole to cause LV wall thickening responsible for the
predominant contraction (ypper left panel). Sheetlets in hypertrophic cardiomyopathy
(HCM) fail to relax to the expected diastolic position, whereas in dilated cardiomyopathy
(DCM), sheetlets fail to rotate to the expected systolic position (fower left panel). DT-CMR
demonstrates the helical arrangement of cardiomyocytes, with a right-handed helix in the
endocardium, circumferential in the mesocardium, and left-handed helix in the epicardium
(upper right panel). Contraction drives clockwise rotation basally and anti-clockwise
rotation apically, resulting in left ventricular torsion. In patients with situs inversus, torsion is
impaired (/ower right panel). From Khalique Z, Ferreira PF, Scott AD et al. Diffusion Tensor
Cardiovascular Magnetic Resonance Imaging: A Clinical Perspective. JACC Cardiovascular
imaging. 2020;13:1235-1255; with permission. (Central Illustration in original)
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Fig. 6.

Cglor-rendered Streamline 4D Flow CMR Images with Intraventricular Vortex Patterns.
Relative to a patient with normal left ventricular (LV) function (uypper panel), the patient
with reduced LV function (/ower panel) has altered vortical flow (white circular arrow(s))
throughout of the cardiac cycle (early diastole, late diastole, and during systole). Note the
absence of vortex formation during systole in the setting of normal LV function and
persistence of vortex formation during systole in the setting of impaired LV function. From
Suwa K, Saitoh T, Takehara Y, et al. Intra-left ventricular flow dynamics in patients with
preserved and impaired left ventricular function: Analysis with 3D cine phase contrast MRI
(4D-Flow). J Magn Reson Imaging. 2016;44:1493-1503.; with permission. (Figure 1 in
original)
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Movie 1:
4D cine MUSIC image of the same patient in Figure 2 demonstrate the complex intra-

cardiac characteristic features of Tetralogy of Fallot (Movie 1A). Dynamic complex extra-
cardiac vascular anatomy and its relationship to intra-cardiac structures are exemplified in
Video 1A with colorized volume rendered 4D cine images. There is anomalous pulmonary
venous drainage with the left innominate vein dipping inferiorly before joining the right
innominate vein to form a right-sided superior vena cava. The left superior vertical vein joins
the low bridging left innominate vein and the left superior pulmonary vein, which forms the
confluence of the superior pulmonary venous trunk (Movie 1B, left panel). There is also a
double aortic arch, which forms a complete vascular ring without tracheal compression
(Movie 1B, right panel).
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