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THESIS OUTLINE

The prognostic role of right ventricular (RV) systolic function in left ventricular (LV) heart
failure (HF) has been overlooked for many years mainly due to a limited number of imaging
techniques available for the RV visualization. However, recent development in cardiac
imaging, in particular the development of deformation imaging techniques such as speckle
tracking echocardiography (STE) and cardiac magnetic resonance feature tracking (cMR-FT)
seems to have changed this situation.

Therefore, the primary objective of our work was to perform a clinical validation of these
new modalities bringing out the results on their variability day-to-day and secondly to
compare their additional prognostic value with cMR right ventricular ejection fraction
(RVEF), in predicting outcome in patients with heart failure and reduced ejection fraction
(HF-rEF). Lastly, we performed a clinical validation of the pulmonary transit time assessed

by cMR in comparison of cMR-FT and cMR-RVEF in the same type of population.

Chapter I introduces firstly an overview of the right ventricle (RV) anatomy, physiology
and physiopathology as well as the notion of myocardial deformation and its relationship
with cardiac function and contractility. An important part is dedicated to the detailed
description of right heart imaging techniques highlighting the advantages and limitation of
each of them and the current problems of intra and inter-modalities inconsistencies in
deformation imaging. Thereafter, some clinical considerations on the prognostic applicability
of these techniques in HF-rEF patients underlining the importance of RV systolic function in
this population.

After staging the aims of this thesis in Chapter II, the methods and results are structured in
Chapter III, comprising three articles. Article 1 reveals with the variability day-to-day of
STE and cMR-FT. Article 2 comprises the comparison of RV- STE and RV-FT versus the
gold standard of RV systolic function in predicting mortality in HF-rEF patients and finally,
article 3 describes the additional prognostic value of pulmonary transit time also in advanced

HF.

Finally, a discussion summary and future direction are laid-out on Chapter IV.
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I. INTRODUCTION






THE FORGOTTEN CHAMBER, THE RIGHT VENTRICLE

The assessment of right ventricular function by non-invasive cardiac imaging has recently
encountered much attention since it has been shown to represents a major parameter
impacting the treatment and prognosis of patients with multiple heart pathologies

independently of the left ventricular ejection fraction (LVEF) (1) (2).

While attempting to understand and describe right ventricular systolic function, we believe it

is essential to understand two relevant points:

1. The normal anatomy of the right ventricle including its structural architecture
responsible for the complex contractile mechanism that produces the myocardial

deformation.

2. The physiology and physiopathology of the right ventricle.

1.1. OVERVIEW OF THE RIGHT VENTRICLE ANATOMY

The RV, the most anterior cardiac chamber, is a thin-walled crescent-shaped structure
coupled to systemic venous return on one side and to the pulmonary circulation on the other.
The RV is anatomically and functionally distinct from the LV, and therefore, our knowledge
of LV physiopathology cannot be directly extrapolated to the right heart. It is 10% to 15%
larger in volume (resulting on a slightly lower ejection fraction) than the LV with a thinner
free wall (3 to 5 mm in the adult) as a consequence of the lower ventricular pressures
(Laplace’s law) and has a muscular mass of only 25% of the LV mass(3). The crescent shape
and the thin wall make the RV more compliant than the LV. Accordingly, the RV is well
suited as a volume pump, but is prone to failure when faced with an acute pressure challenge.

Table 1 illustrates the principal differences between the RV and the LV.



Right Ventricle

Left Ventricle

Embryological origin Primary heart field
Shape Triangular
Trabeculation Coarse

AV valve with septal insertion Yes

of the chordae

Mass 26 + 5 gr/m?
Thickness 2a5mm
End diastolic volume 75 + 13 ml/m?
Ventricular Pressure (S/D) 25/4 mmHg
Ejection fraction >40-45%

Elastance

1.3 + 0.84 mmHg/ml

Vascular Resistance

20-130 dyne.s.cm™

Indexed ventricular work

8 + 2 gr/m?

Physiologic pump condition

Low- resistance, low
capacitance pump; peristaltic-
like motion from inflow to
outflow during ejection

Resistance to ischemia

Better resistance

Pathological remodeling

Better for volume overload

Flow characteristics

No or minimal isovolumic
periods; hangout periods

Other characteristics

Muscular discontinuity
between tricuspid and
pulmonary valve

Table 1 Differences between right ventricle and left ventricle.

AV indicates atrioventricular; S, systolic and D, diastolic.



The RV can be described in terms of three different components: inlet, apical and outlet

with three walls (anterior, inferior and lateral) (4).

Aorta

Superior vena cava
Pulmonary artery

Membranus

septum Outlet

Inlet

Inferior vena cava

Trabeculated apex

Figure 1 The different components of the right ventricle

1) The inlet portion extends from the atrio-ventricular (AV) junction to papillary muscle
attachment of the AV valve and contains the tricuspid valve, tendinous chords, and 3 or more

papillary muscles.

2) The trabeculated apex, often very thin (which may make this portion more susceptible
to increased wall stress), is characterized by coarse trabeculations and by the presence of the
trabecular septomarginalis (TSM), a prominent Y-shaped muscular strap that proximally is
linked with the anterior papillary muscle through the moderator band and distally bifurcates
into two limbs, one anterior joining the structural free wall and one posterior lying over the
membranous septum. The two limbs of the TSM accommodate the crista supraventricularis
which separates the RV inlet and outlet components and, when shortening, it contracts the

tricuspid annulus and pulls the free wall toward the septum(5).



3) The outlet, infundibulum or conus is a tubular muscular structure that supports the

pulmonary valve leaflets.

1.2. MYOARCHITECTURE

There are only 2 distinct myocardial “layers” in the RV as compared to the LV which also
possesses a ‘middle’ layer. The superficial layer is formed by predominantly
circumferential myocyte aggregates parallel to the atrioventricular groove that extend from
one ventricle to another. The inner layer is composed mostly of arranged longitudinal
myocytes that pass through the apex toward the papillary muscles, tricuspid annulus, RV
outflow tract (RVOT) and continue into the superficial layer of fibres of the LV. This binds
the ventricles together and represents one of the component of the biventricular functional
systolic and diastolic interdependence (6) , together with the sharing of the interventricular
septum, and the pericardial by the two ventricles(3). It also explains that both ventricles work
as a single unit. Indeed, the LV is an important contributor to RV ejection: in experimental
models, LV contraction generates 20% to 40% of both RV stroke volume (SV) and

pulmonary flow(7).



Adapted from Sanz et al. JACC imaging, 2019(8)

Figure 2 Right ventricle myoarchitecture. A: illustrates the circumferential arrangement of
superficial RV and middle LV layers from a front view of the heart. B: shows the inner layer
of the RV with longitudinally myocyte aggregates (black dashed lines). AO indicates aorta;
CSO, Coronary sinus ostium; LV, Left ventricle; PT, pulmonary trunk. SC, supraventricular
crest, TV, tricuspid valve and PT, pulmonary valve.

The free wall is composed predominantly of transverse fibres, whereas the septum contains
oblique helical fibres without a transverse component. Interestingly, the RV outflow tract
contains also oblique fibres but not the RV free wall explaining why the RV does not form a
helix(9). This arrangement of muscle fibres within the RV wall contribute to the movement

of the RV free wall towards the septum and to the base to apex movement of the free wall.

The RV contracts in a highly synchronized way that occurs 20 to 50 ms earlier in the inlet
and apex than the outlet (infundibulum), resulting in a peristalsis-like motion facilitating

blood flow into the pulmonary artery (10) (Figure 3).



Tricuspid valve Pulmonary valve
Inlet Outlet

N

Apex

—

Sequential contraction

Figure 3 Schematic view of the right ventricle pointing out its sequential contraction. RV
indicates Right ventricle.

1.3. CARDIAC FUNCTION

The accurate evaluation of cardiac function would imply the assessment of the true
contractility of the myocardium, defined as the inherent capacity of the muscle to contract
independently of changes in the preload or afterload, and reflecting the inotropic state of the

myocardium.

Indeed, the functional properties of the cardiac muscle — how much tension it can develop,

how rapidly it can contract — depend mainly on these two parameters: preload and afterload:

- The term preload indicates the load imposed on the cardiac muscle before
contraction (by the end of diastole) and is proportional to the maximum elongation
of myocardial fibers. The end-diastolic volume (EDV, the moment of maximal
stretch of myocardial fibers before isovolumic contraction) is the equivalent of the

initial sarcomere length and is a measure of preload.



- The afterload is defined as the additional load imposed on myocardial fibers by the
ventricular pressure increase during contraction. In other words, it is the force that
the contraction myocyte must overcome during ejection. RV afterload is determined
by the filling pressures of the left ventricle and the resistance of the pulmonary
circulation. In clinical practice, pulmonary vascular resistance (PVR) is the most
frequently assessed index of RV afterload, although is far from being the perfect
estimate of it. It can also be measured as arterial elastance (Ea) which is the change

in pressure per unit change in volume (11).
1.3.1. Myocardial contractility and deformation

In an isolated myocyte under no load, contractility generates force and force development
leads to shortening. However, in a loaded heart, there is a combination of isometric
contraction (contraction with tension development without shortening) if the load is greater
than the tension developed, and isotonic contraction (shortening without increasing tension)

if the tension exceeds the load (Figure 4).

Figure 4 In a loaded heart,
the muscle will increase
tension with no shortening as
Tension long as the tension is below
the load (isometric

‘\\\ contraction). When tension
\;;::::\_ exceeds the load imposed on

the muscle fibers begins to
shorten and the tension
remains constant (isotonic
contraction).

Time

Length

<—>

Isometric Contraction

Adapted from Stoylen http://folk.ntnu.no/stoylen/strainrate/



The interaction between load and inotropy (i.e. contractility) is quite complex and is beyond
this thesis. However, it is essential to understand that an increase in afterload or a decrease
in contractility will result in less shortening, while both increased preload or increased
contractility will result in more shortening. This point is well explained in

Figure S, 6 and 7.

Peak tension

Tension Peak rates ]
of force 1
development |

Inotropy
(Increased contractility)

Baseline

Time

Time to peak

tension

Figure 5 illustrates the effect of inotropy (for example noradrenaline), showing an increase
in both peak tension, and rate of tension development and a shortening of time to peak
tension.

Adapted from Stoylen http://folk.ntnu.no/stoylen/strainrate/ and Sonneblick, Am J Physiol
1962.
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Peak tension

Peak rates /
of force /
development l’

Tension
Increased preload
Baseline
Time to peak Time
tension
Increased preload
Length Baseline

Contracted
length

Figure 6 illustrates the effect of preload, showing an increase in both peak tension and the
rate of tension development but the time to peak remains unchanged.

Adapted from Stoylen http.//folk.ntnu.no/stoylen/strainrate/ and Sonneblick, Am J Physiol
1962.
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Figure 7 illustrates the effect of afterload, showing a decrease in the velocity of fibers
shortening as well as less shortening.

Adapted from Stoylen http://folk.ntnu.no/stoylen/strainrate/ and Sonneblick, Am J Physiol
1962.

Additionally, there is clearly an intimate relationship between preload and afterload so that
the two cannot be easily dissociated. Therefore, RV systolic function results from the
complex interplay of RV contractility (12), RV preload and afterload. This concept is called

“ventricular-vascular coupling” (or hemodynamic coupling) (5).

Finally, yet no less importantly, RV systolic function can also be influenced by ventricular

interdependence, heart rhythm, and synchronicity of ventricular contraction (4).

12



1.4. OVERVIEW OF RIGHT VENTRICLE PHYSIOLOGY

The RV is a high-volume pressure pump(3). The end-systolic pressure in the RV is
approximately six times lower than in the L'V because it is coupled with low impedance and
highly compliant vascular bed (4) Therefore, both of them pump the same stroke volume but

the RV use only 25 % of the stroke work used by the LV.

1.4.1. Volume-pressure relationship

The length - tension relation in isolated muscle is equivalent to the pressure - volume relation
in the intact heart. Therefore, contractility would represent the volume variation for a given
pressure build-up.

Figure 8 illustrates the Pressure Volume (PV) loop relationship for a single cardiac cycle for
the LV (represented in red) and the RV (represented in blue). The RV PV loops have a
triangular shape because the isovolumic stages in the RV, and in particular the isovolumic
relaxation, are not well defined. Consequently, it is harder to identify the end-systolic point,
which results in a higher degree of uncertainty in the estimation of the slope of the PV
relationship at end systole, as compared to the LV. Indeed, the main challenge is the

assessment of RV contractility from elastance (ESPVR relationship).

Figure 8 LV and RV Pressure volume

120 5 loop diagram of a single cardiac cycle
obtained by a catheterism where pressure
is plotted against volume.

S 80—
=
E
[0}
=]
3 40 —
[on
0
[ [ I I
0 20 40 60 80

Volume (ml)

Work = Force x Length = Pressure x Volume
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ESPVR
(End Systolic P - V Relationship)

a: Ventricular filling

3 b: Isovolumetric contraction
120 — c . s
c¢: Ventricular ejection
sV 2 d: Isovolumetric relaxation
L N
Y 7
. 1: End-diastolic pressure
:E’ 80 — 2: Aortic & pulmonary valves open
E 3: End-systolic pressure
b 4: Tricuspid and mitral valves open
3
§ 40 —
a
0
| | | I
0 20 40 60 80
Volume (ml)

Time runs around the loop in a counterclockwise direction. The loop (or cycle) can be
divided into four basic phases: ventricular filling (phase a; diastole), isovolumetric
contraction (phase b; systole), ejection (phase ¢; systole), and isovolumetric relaxation
(phase d; diastole). Point 1: Pressure and volume at the end of ventricular filling, and
therefore represents the end-diastolic pressure and end-diastolic volume (EDV) for the
ventricle.

At this time point, the mitral and tricuspid valves close. Point 2: Aortic and pulmonary valves
will open. Point 3: the pressure and volume at the end of ventricular contraction, and
therefore represent the end-systolic pressure and end systolic volume (ESV). Point 4:
Tricuspid and mitral valves will open.

In the pressure-volume plane, the RV-PV loop is confined between two curves: the end-
systolic pressure-volume relationship (ESPVR) and end-diastolic pressure-volume
relationship (EDPVR). The green, dotted line touching the loop is the ESPVR, the maximal
pressure that can be developed by the right ventricle at any given right ventricular volume
and represents the RV end-systolic elastance which is a usually an acceptable approximation
for maximum elastance(3) .The maximum elastance is the gold standard estimate of
contractility and takes place just before end-systole in the normal RV and at end systole in
the presence of pulmonary hypertension. The purple dotted line is the EDPVR, is the passive
tension that the diastolic filling generates. The slope of the EDPVR at any point along the
curves is the reciprocal of ventricular compliance. The area within the loop represents the
ventricular stroke work. The width of the loop represents the difference between EDV and
ESV, which is by definition the stroke volume (SV).

14



According to this diagram, it becomes obvious that myocardial contractility cannot be
measured non-invasively, as it would require invasive volume and pressure recordings.
Therefore, any kind of cardiac imaging, which is based on visualization of either wall
deformation (strain) or cavity deformation (ejection fraction), can only be measure
shortening never contractility. Moreover, only a fraction of myocardial work, the isotonic
work, can be appreciated by imaging while the greatest part of the ventricle work, the

isometric work, cannot be described by any imaging modality.

Finally, as shortening is secondary to force and load interaction, all deformation imaging
methods are load dependent and should ideally be interpreted with knowledge of preload and

afterload in the context on interdependence of inotropy and loading.

1.5. PATHOPHYSIOLOGY OF THE RIGHT VENTRICLE IN LEFT SIDED
HEART FAILURE

First of all, let us introduce the definition of heart failure (HF) which is a clinical syndrome
characterized by typical symptoms (e.g. breathlessness, ankle swelling and fatigue) that may
be accompanied by signs (e.g. elevated jugular venous pressure, pulmonary crackles and
peripheral oedema) caused by structural and/or functional cardiac abnormality, resulting in a
reduced cardiac output and/or elevated intracardiac pressures at rest or during stress (13). HF
includes a wide range of patients: from those with normal LVEF (=50%) to those with
reduced EF (<40%, HFrEF). Patients with a LVEF in the range of 40-49% is recently defined
as heart failure mid-range ejection fraction (HFmrEF).

RV dysfunction is highly prevalent in HFrEF and it may be a sensitive indicator of poor
prognosis in this type of population. Indeed, right ventricular status constitutes most of the
time a “common final pathway “in the progression of congestive heart failure because the
multiple influences affecting the right ventricular function due to left ventricular failure. RV
dysfunction not only include changes in global RV systolic function but also abnormalities

in the pattern of contraction and synchrony.

15



RV dysfunction may develop in association with LV dysfunction by several mechanisms:

1) Anincrease in afterload due to the increase of pulmonary venous and consequently
pulmonary arterial pressure partly augments as a protective mechanism against

pulmonary oedema (14)

2) A myocardial ischemia or a cardiomyopathic process affecting both ventricles.

3) A decrease in systolic driving pressure of right ventricular coronary perfusion
caused by LV dysfunction, which may be a substantial determinant of right

ventricular function(15)

4) A septal dysfunction via the interventricular dependence

5) ALV dilatation which may restrict right ventricular diastolic function in a limited

pericardial compartment.

Nevertheless, RV dysfunction may also result from other conditions such as right-sided
cardiomyopathies, valvular heart disease, congenital heart disease, RV infarction or from

RV pressure overload in pulmonary hypertension.

16



1.6. IMAGING THE RIGHT HEART

The ideal imaging technique for assessment of right ventricular function would be widely
available, non-invasive, providing a cheap, fast, accurate and reproducible assessment with
no need for ionizing radiation or contrast administration. Unfortunately, no technique in
cardiology meets all these requirements and its assessment continues to represent a challenge
for the modern-day cardiology practice. Moreover, as previously mentioned, all parameters
of RV systolic function are highly dependent on preload and afterload and its unique crescent
shape adds even more complexity to the quantification of its size and function.

There are several modalities for the assessment of RV but in clinical practice, its initial
evaluation usually starts with a two-dimensional transthoracic echocardiography (2D-TTE)
and can be carried on, depending on initial findings, with complementary imaging technique
such as three-dimensional (3D) -TTE, deformation imaging techniques, cardiac magnetic
resonance (cMR), cardiac CT or scintigraphy.

To date, 2D-TTE and cMR are by far the most validated techniques, having references values
for different parameters of RV function. Nowadays, the new flashlight of cardiac imaging is
undoubtedly deformation imaging techniques such as speckle tracking echocardiography
(STE) and feature tracking (FT). It is hoped that the RV assessment by deformation imaging
techniques will soon gather enough evidence, from larger studies to potentially extend its
application to clinical practice.

Another promising tool to assess indirectly right ventricular function is pulmonary transit
time by cMR because it includes information not only from the right and left function but
also the pulmonary congestion which influences the right ventricular systolic function.

Importantly, it can be automated and easily made from routine clinical cMR.

In this chapter we will discuss about the most used non-invasive modalities for RV

assessment and their measured parameters as well as their prognosis role in heart failure.

17



1.6.1 ECHOCARDIOGRAPHY

Two-dimensional echocardiography is still the first-line imaging technique used to assess the
RV morphology and function and will probably remain so for the foreseeable future.

However, the assessment of RV function is challenging because of its retrosternal position
and the complex geometry of the right ventricle with the inflow and outflow components not
in the same plane. Furthermore, the poor acoustic windows often present in heart failure
patients and the modest tissue characterization (especially the difficulty to differentiate the

thin free wall from adjacent structures) limit even more the echocardiographic approach.

Nevertheless, echocardiographic assessment is fast, cheap and readily available and provides
arelatively good general assessment of RV function, although frequently based on qualitative

estimation.

For echocardiographic assessment, the right ventricle (RV) is usually divided into an

anterior, inferior, and lateral (free) wall, as well as basal, mid, and apical segments.

18
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Figure 9 Right ventricle transthoracic echocardiographic views

Adapted From Venkatachalam et al. Echocardiography 2017.(16)
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In an attempt to standardize the echocardiographic evaluation of the right heart, the American
Society of Echocardiography published a guideline document, endorsed by the European
Association of Cardiovascular Imaging, on measures and normal reference values of several
echocardiographic parameters to identify RV pathology (17) highlighting three important

points:

- The importance to obtain a RV focused chamber view with the LV apex at the
center of the probe (to display the largest basal RV diameter and thus avoiding
foreshortening). Indeed, the conventional apical four-chamber view focused on the
left ventricle results in considerable variability in how the right heart is sectioned,
and consequently, RV linear dimensions and areas may vary widely in the same

patient with relatively minor rotations in transducer position (Figure 10).

- The load dependency of all echocardiographic parameters and the need to evaluate
routinely the systolic pulmonary artery pressure with an estimation of peak tricuspid
regurgitation (TRV) velocity and right atrial pressure derived from inferior vena

cava size and collapse to complete the RV echocardiographic assessment.

- The lack of a single echocardiographic parameter reliable enough to be
universally accepted for assessing RV function explaining why current guidelines
recommend the use a combination of parameters to assess RV systolic function by

echocardiography.
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v e RV v

Figure 10 Variability of the right ventricular size with angular change despite similar size
and appearance of the left ventricle. A, B and C lines on the mid short-axis view represent

the lines of intersection of the 4 chamber view plane where A is a right ventricular focused
showing the largest basal RV diameter.

Table 5 summarizes the most common RV echocardiography parameters used to assess RV
geometry and systolic /diastolic function and their reference values. These reference values
are based on published mean and SD data obtained from normal adult individuals without

any histories of heart or pulmonary disease.
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Variable I Unit | Cut off I how and where? Requirements Relevant comments
Chamber dimensions
RV basal diameter cm <4.1 4ch-RV focused
view, end diastole
RV mid cavity diameter cm <35 4?h'RV (fio;:}lsed I Optimal endocardial definition of the RV | RV dimensions are dependent on probe
view, end diastole free wall and the apex. rotation and different RV views.
Longitudinal diameter cm <8.6 4ch-RV focused
view, end diastole
RVOT diameter proximal cm <3 PLAX, From the Optimal endocardial definition of the RV | Dependent on image plane position.
in PLAX anterior RV wall to | anterior wall. Regional measure may not reflect global RV
the IV septal-aortic size.
junction.
RVOT diameter in SAX cm <34 SAX, end diastole
RV wall thickness cm <0.5 Subcostal view, Trabeculae, papullary muscles and | Challenging in case of thickening of visceral
end-diastoleat the | epicardial fat should be excluded. pericardium.
level of the tip of There is no criterion for defining an
the anterior abnormally thin RV wall .
tricuspid leaflet.
Systolic function
RV FAC % >35 4ch-RV focused Adequate image quality. May not reflect global RV size
(end-diastolic area—end- view Trabeculations, papillary muscles and | RV size underestimation if RV cavity is
systolic area/end-diastolic area moderator band should be include in the | foreshortened.
*100) cavity area.
TAPSE mm >17 4ch-RV focused TAPSE predominantly reflects RV
The amount of longitudinal view, M Mode longitudinal function so in patient with
motion of the annulus at the cursor aligned regional wall-motion abnormalities as in some
systolic peak along the direction cases of severe pulmonary arterial
of trcuspid lateral hypertension, the TAPSE can be misleading.
annulus Alternatively, the RV function may be globally
The M-mode cursos need to be placed | preserved despite significantly reduced
parallel to the plane of longitudinal motion ( | TAPSE, as often seen after cardiac surgery
angle dependency). (24).
Pulsed doppler peak cm/s >9.5 4ch-RV focused Not fully representative of RV global function,
annular velocity (S°) view; cursor at the particularly after thoracotomy, pulmonary
level of the thrombo-endarerectomy or heart
trcuspid lateral transplantation.
annulus using
pulsed tissue
Doppler and
colour-code tissue
Doppler.
TEIINDEX Tei Oberserver expertise is crucial since the Reflects both systolic and diastolic function of
(isovolumetric relaxation time Index time intervals being measured are often the RV (25) because it also takes into
+ isovolumetric contraction)/ | _ <0.43 difficultto delineate, and small variation can | consideration the isovolumicrelation period of
ejection time) ;y PW lead to substantial differences in the final the RV.
Dopple calculated value(6). Can be falsely in conditions associated with
P: < elevated RA pressures, which will shorten the
ranc = IVRT.
0.54 by
DTI
3D-derived RVEF % >45 Adequate image quality, patient
cooperation and regular rhythm.
Diastolic function
E/A ratio - 0.8- to 4ch-RV focused
2.1 view
E/E’ ratio - <6 4ch-RV focused
view
IVC diameter cm <21 Subcostal view
IVC collapse during % >50 Subcostal view
inspiratory sniff
Hepatic vein velocity - Systolic | Subcostal view
ratio >diastol
ic
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Table 5 RV indicates right ventricle; 4ch, four chamber; RVOT, right ventricular outflow
tract; PLAX, parasternal long axis; IV, interventricular; SAX, short axis view; FAC,
fractional area change; TAPSE, tricuspid annular plane systolic excursion; PW, pulsed wave;
DTI, tissue doppler echocardiographic; RA, right atrial; IVRT, isovolumetric relaxation time;

RVEF, right ventricular ejection fraction and IVC, inferior vena cava.

1.6.1.1. Assessment of right ventricular size by echocardiography

The RV geometry evaluation is performed at end-diastole by measuring RV linear

dimensions and the RV wall thickness.

RV linear dimensions include three different widths (basal, mid-cavity, and longitudinal
diameter), which are assessed in a RV focused view, while the RV wall thickness is measured
in a subcostal view. RV relative size should always be compared with the LV diameter to

help in determination of RV dilatation.

1.6.1.2. Assessment of the right ventricular systolic function by echocardiography

In contrast to the LV assessment, it is not recommended to perform right ventricular ejection
fraction derived from RV volumes in 2D echocardiography mainly because there is no
geometric model that enables an estimate of its volumes on the basis of a 2-dimensional

measurement.

Still, it is possible to assess some surrogate parameters such as RV fractional area (RV FAC),
tricuspid annular plane systolic excursion (TAPSE), systolic excursion velocity of lateral
tricuspid annulus by means of Tissue Doppler Imaging (TDI S’), RV index of myocardial
performance (TEI index) and RVEF by 3D tridimensional echocardiography (3DE) (Table
5).

All these parameters are also load-dependent so their appropriate clinical interpretation
requires considering the load of the myocardial fibres, which may vary according to chamber

geometry, wall thickness or cavity pressures
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1.6.1.3 Correlation and reproducibility

The correlation of the RV 2D- echocardiographic parameters with cMR is sometimes
discordant in the literature (Table 6), as well as the reproducibility of these parameters.

Additionally, interstudy reproducibility is currently not known.

Population Samplesize TAPSE TDIS' RIMP FAC
Anaverkar et al. Consecutive 36 0.17 NR NR 0.8
Echocardiography  patients P>0.05 p<0.001
2007 undergoing a
cMR
Leong et al. Systolic HF 83 0.65 0.5 0.28 (p=0.03) 0.71
Echocardiography (p<0.001) (p<0.001) (p<0.001)
2012
Vizzardi et al. Chronic HF 31 0.54 0.81 NR 0.07
J ulrasound med (p<0.01) (p<0.01) (p>0.05)
2015
Focardi et al. Mixed 63 0.45 0.52 NR 0.77
Eur Heart J population (p=0.01) (p=0.01) (p<0.001)
Cardiovasc
Imaging
2015
Li et al. Chronic 32 0.45 0.69 0.39 0.42
Thromb Res thromboembolic (p>0.05) (p<0.01) (p=0.04) (p=0.02)
2015 PH
Lu et al. Mixed 60 0.27 0.2 -0.36 0.33
Echocardiography ~ population (p>0.05) (P>0.05) (p>0.05) (p=0.02)
2015

Table 6 Correlation of RV echocardiographic parameters with cardiac magnetic resonance
derived right ventricular ejection fraction. cMR indicates cardiac magnetic resonance; HF,
heart failure; PH, pulmonary hypertension; TAPSE, tricuspid annular plane systolic
excursion; TDI, tissue doppler imaging; RIMP or Tei Index, right ventricular index of
myocardial performance and FAC, fractional area change.

Adapted from Longobardo et al. (22)
Nevertheless, RVEF by 3DE seems to be more reliable and have better reproducibility(21)

(22) but the feasibility of this technique is still poor since it is extremely dependent on image

quality, regular rhythm, and patient cooperation.

24



1.6.2. CARDIAC MAGNETIC RESONANCE

CMR is independent of geometric assumption (23) and has the extraordinary ability to image
in any desired plane and with a nearly unrestricted field of view. In addition, its inherent 3-
dimensional nature makes it particularly well suited to studying the RV.

Thus, despite continuous improvements in echocardiography, cMR is still considered to be
the most accurate imaging technique. The main advantages of CMR over non-invasive
cardiac imaging modalities are accuracy, reproducibility, unrestricted field of view, lack of
ionizing radiation, and the ability to characterize myocardial tissue. Indeed, cMR is the
reference to study the morphology, volume, function, and tissue determination of the RV
with some limitation related to availability, costs, and presence of patient-related

contraindications.

1.6.2.1. Assessment of RV systolic function by cardiac magnetic resonance

Typically, analysis of right ventricular systolic function consists of manual or semi-automatic
contouring of the inner and outer boundaries (epicardial and endocardial) at end diastole and
end-systole using a short axis or an axial cine stack without the need to make any
geometrical assumptions, and therefore applies to ventricles of all sizes and shapes, even to
those that have been extensively remodeled (Figure 11).

Interstudy reproducibility of LV and RV measurements using a short axis orientation is
relatively good (24) but the reproducibility is apparently better when measuring the RV using
an axial stack (25) because it provides a better delineation of the mitral and tricuspid valves.
However, the short axis view has the advantages that this orientation allows both ventricles
to be measured simultaneously.

A number of analysis software packages are available for automated post-processing that
provide a fast analysis of ventricular function, both systolic and diastolic, in most patient,

and normal reference ranges have been reported for the RV (26).
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Figure 11 Short axis view allowing the measurement of LVEF and RVEF by contouring the
inner and outer boundaries at end diastole and end-systole.

1.6.2.2. Reproducibility of the measurement

cMR is by far the most reproducible measurement to assess both LV and RV systolic
functions (27,28). RV interstudy variability was reported as 6% for end-diastolic volume,
14% for end-systolic volume, 8% for ejection fraction, and 9% for RV mass(24)

Moreover, cMR has been shown to have considerable improvement in interstudy
reproducibility compared with echocardiography, the sample size reduction through its use

compared with echocardiography are considerable, ranging from 55% to 93%.(29)

1.6.2.3. Limitation

Although software programs are more automated and the contrast between flowing blood and
the myocardium in SSFP images is most of the time excellent, the precise placement of the
contours is reader-dependent and training is highly recommended due to the subjective nature
of contour placement. Indeed, a study from seven cMR centers showed slight biases in the
demarcation of inner and outer boundaries leading to integrated differences in overall mass
and volume (30). Therefore, care should be taken when comparing patient results between
centers.

The main sources of errors in mass and volumes are the demarcation of the base near the
atrioventricular valves and outflow tracts, due to the difficulty of separating the ventricular

from the atrial myocardium and the large motion of the base through the plane of the short
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axis (slice thickness are typically 6-10mm) giving rise to significant partial voluming
(mixture of different tissues within a voxel) at the base and apex. This is particularly
problematic for RV analysis where demarcation of the basal extent of the ventricle is
relatively difficult (31). Inclusion of long axis slices (typically two chamber, four chamber
and three-chamber views) enables better delineation of the apex-base and this information is
now included in several software packages.

Another limitation are the image related artifacts mainly due to poor breath-holds especially

in heart failure patients, cardiac arrhythmias and metallic artifacts.

1.6.3. PULMONARY TRANSIT TIME

PTT defined as the time for a bolus of contrast to pass from the RV to the LV is a well-known
measurement for evaluation of cardiopulmonary status containing information not only from
right and left ventricle pump function but also pulmonary blood volume and congestion.
Indeed, circulation time measurements are used since the mid-twentieth century for diagnosis
of heart failure and PTT was first determined using radionuclide tracers by Blumgart et al in
1928(32).

It can be measured by a variety of techniques either invasively using indicator dilution
methods with direct catheterization of the heart, or using different non-invasive imaging
methods such as radionuclide imaging(33), computed tomography(34), and contrast
enhanced transthoracic echocardiography (35,36). Recently PTT measurements were also
proposed using cMR-first pass perfusion imaging with excellent reproducibility (37-41).
Several investigators demonstrated that PTT is prolonged both in HFrEF, HFpEF(41) and in
isolated pulmonary hypertension(40). According to the indicator dilution theory of Steward
and Hamilton (42), formally validated by Meier and Zierler(42), PTT is directly proportional
to pulmonary blood volume and indirectly related to the right ventricular cardiac output(43).
Hemodynamic studies(36,40,41,44) confirmed that PTT correlates with RV stroke volume,
RV cardiac output(35,41), LVEF and RVEF(37,45,46), but also importantly with parameters
of increased pulmonary congestion(40,41). Indeed, in our previous work(47), we
demonstrated a strong correlation between PTT assessed by CT scanner, mean pulmonary
artery pressure (r=0.68) and pulmonary artery wedge pressure (r=0.74). PTT was also shown

to correlate with N-terminal pro-B natriuretic peptide(35,47) which is an indicative for
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volume and pressure overload in congestive HF. Overall, this suggests that prolonged PTT
is a not only a measurement of low cardiac output, but mainly related to increased blood

volume and thus, a parameter estimating pulmonary congestion in different types of HF.

Contrast injected

8

PTT represents the time for a Time
bolus of contrast to pass
from the RV to the LV

0.8 —

07 — <> Figure .12 .
Dynamic contrast enhanced cardiac

0.6 — perfusion imaging. The signal
intensity changes observed in first

0.5 pass perfusion cMR data can be

04 — plotted over time for different regions

of interest. The red curve represents
0.3 — the left ventricle, and the blue curve
represents the right ventricle.

Signal intensity (arbitrary unit)

0.2 —
01 —
0
| | | | I
0 10 20 30 40 50
Time (ms)

Healthy volunteer



1.6.4. DEFORMATION IMAGING- STRAIN

With the advancement of cardiac imaging modalities, more sophisticated modalities have
been developed in the attempt to characterize cardiac systolic function, from the cMR tissue
tagging to the contemporary tissue tracking methods in two and three dimensions.

Myocardial tagging is the first non-invasive method by cMR used for strain evaluation (48)
and remains the gold standard for strain quantification. However, this technique is time
consuming and not well suited for the RV mainly because of its thin wall and increased

trabeculations not allowing tags to be well-defined requiring significant operator expertise.

RV Strain is currently measured principally by 2D speckle tracking echocardiography (STE)
but new promising tool are emerging such as three-dimensional echocardiography (3D) STE,
myocardial work and cMR-Feature tracking approaches, but their validations still need larger

studies and further insights into the algorithms used.

Definition of strain

Strain is about changes in myocardial dimension and is defined as the deformation of an

object, normalized to its reference shape (49).

It is imperative to understand that strain imaging is explained by geometry not by material
properties of the myocardium. Since it represents the relative amount of deformation, it is a
dimensionless quantity and is expressed in percentage. Deformation and motion of the
myocardium are cyclic processes with no natural beginning or end. Therefore, the position

of the baseline is arbitrary.

There are two approaches to describe this length change: the Langrangian and Eularian

strain, represented in Figure 12.
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Figure 13 Lagrangian strain (top) and Eulerian strain (bottom). Lagrangian strain is the sum
of all length increments up to that time divided by the baseline length, while Eulerian strain
at any time is calculated as the sum of all ratios of length increments and the instantaneous
length up to the actual time.

From Stoylen, htpp://folk.ntmu.n/ stoylen/strainrate/Basic_concepts.html

The Lagrangian strain is the fractional change in length of an element of the object,

compared to its original length and can be written as:

Where DL is the length change of the object after deformation and LO is the original
(baseline) length.

In a beating heart, the unstressed original length (LO0) is difficult to measure, so end-diastolic

length is most often used (50).
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The deformation can also be expressed not only relative to the original length but also relative
to the length at a previous moment in time. In this case, we talk about instantaneous or
Eularian strain. In this definition the reference value is not constant over time, but changes

during the deformation process and can be written as:

ot AL
Ay

Where DL is the length change of the object during deformation and L is the instantaneous

length.

Eulerian and Lagrangian strains can be converted into each-other using the formula:

£L= 855—1

By the above strain equations, positive strains occur if the object lengths exceed the original
lengths (lengthening), and negative strain exists if the object length is shorter than the original

length (shortening).

Strain components

All strain imaging techniques are based on a common principle: specific patterns or features
are identified within an image and followed over time in the subsequent images of the

sequence by searching the most probable pattern correspondence in successive image frames

(51).
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For practical use, myocardial deformation is expressed in terms of three physiologically

relevant axes:

- Radial strain (perpendicular to the epicardium) shows the extent of RV myocardial

thickening in a radial direction towards the center of the ventricle.

- Circumferential strain (tangential to the pericardium and orthogonal to the radial
and longitudinal axis) describes myocardial shortening in an anticlockwise direction

around the short axis of the right ventricle.

- Longitudinal strain (tangential to the pericardium) represents base to apex

myocardial shortening of the oblique fibre of the septum.

These 3 strain components represent the deformation of a myocardial segment as defined by
consensus of the imaging societies (17) in order to have a uniform reporting between
deformation imaging techniques. However, in reality, the deformation of a myocardial
segment during the cardiac cycle is far more complex than that because it is
multidimensional. Indeed, in addition to the three deformation components described above,
a myocardial segment will also show deformation occurring in planes between these
predefined orthogonal heart coordinates, known as shear strains. Therefore, to completely
determine the deformation of a myocardial segment, it would require the knowledge of not

only the three normal strain components but also the three shear strain components.

Nevertheless, this is truer for the left ventricle but not for the RV. Indeed, studies showed
that RV longitudinal shortening is a more important contributor to RV systolic function than
circumferential shortening, while rotation and torsion are negligible (52). Accordingly, RV

longitudinal strain is the only strain recommended by the Task Force (53).

1.6.4.1 Two-dimensional speckle tracking echocardiography

2D-STE is a user-friendly technique based on echocardiography image analysis and provides
anon-doppler, angle-independent quantification of the RV myocardial deformation. STE has
been used as a research tool since the 1990s to assess first the LV systolic function and now

is breaching, partly, the clinical setting especially in cardio-oncology (51). It has the
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advantage of being a semi-automated technique, which may more accurately reflect cardiac
function than the others echocardiography parameters. The software packages were first
designed for the evaluation of LV mechanics and recently been adjusted for the assessment

of RV deformation. Indeed, dedicated software for RV strain have not yet been released.

How does it work?

After acquiring a RV focused view, the initial step in the analysis of a dataset is generally to
recognize the key cardiac events: end-diastole (ED) and end-systole (ES). Secondly, the user
will define semi-automatically the region of interest (ROI), by contouring the endocardial
and epicardial boarders of the RV in ED and eventually in ES, with variation between
software. The width of the ROI should be limited to the myocardium, excluding the
pericardium, which may be sometimes difficult in particular in the thin RV free wall. Finally,
the ROI is tracked throughout the cardiac cycle and after post processing, deformation curves
are estimated, and strain values computed. Indeed, the software algorithm recognizes patterns
in the image called speckles (a sort of ultrasound fingerprint that can be tracked) and measure
their displacement frame by frame using a statistical approach based on the detection of the
best matching area. The algorithm usually used is the block-matching method, which
automatically identifies a pattern within a region or block of interest, compares it to all
possible matching regions within the search region and finds the position of the best matching

block compared with the original one.
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Figure 14 Block-matching method. tracking is performed by searching the most similar
region (white arrows and red dashed line squares) in the next frame (tl) of the region of
interest (solid red square) in the baseline frame (t0). Motion of the ROI between frames can
be quantified as a vector (black arrow).

Adapted from From Yoshihiro Seo et al. Cir J 2014

The displacement of the speckled pattern is considered to follow myocardial movement, and
a change between speckles is assumed to represent myocardial deformation. Since the frame
rate of the echo loop is known (the velocity of the speckles), the regional deformation of the
myocardium can be estimated. The obtained strain values are plotted over time to outline the

myocardial deformation over the cardiac cycle.

The different steps of post processing are vendor-specific but usually include a semi-
automated selection of the region to be interrogated, a short waiting time for processing by
the tracking algorithm and to display the tracking result. The user should carefully check the
tracking result by visually comparing the motion of the tracking point to the motion of the
underlying grey-scale data. Complex algorithms are usually applied to derive velocity,
displacement and deformation estimates from the initially very noisy tracking data. This part

of the post-processing is vendor specific and cannot be controlled by the user.
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Timing of measurement

Several time points can be measured in the attempt to describe RV myocardial deformation,
the most used being the maximal deformation during right ventricular contraction (peak
systolic strain) and not the deformation value at the end of right ventricular ejection (end-
systolic strain) recommended for the LV since it is harder to identify the end-systolic time in

the RV leading to more variability.

Regional strain and global strain

RV longitudinal strain (LS) is determined in six RV segments, visible in the four chamber
apical view, as proposed by the guidelines (17). Indeed, when imaging the RV, it can be
divided roughly into free and septal wall, as well as basal, mid and apical segments. The
septal wall is a “shared” wall between the two ventricles so controversies remaining whether
to consider it not part of the RV when assessing RV systolic function with STE. Indeed, in
the literature, RV-LS is either perform using the 6 segments (global longitudinal strain, GLS)
or only the 3 segments of the free wall (free wall longitudinal strain, FWLS).

In favor of using RV-FWLS, Cameli et al. (54) showed that RVFWLS had the highest
diagnostic accuracy to predict a depress RV stroke work index in a simultaneous
echocardiographic-catheterization study and therefore would reflect better the RV systolic
function than the RVGLS. By the same token, RVFWLS has been shown to have the highest

diagnostic accuracy for detecting severe myocardial fibrosis (55).

However, despite the facts that the ventricular septum is mainly a constituent part of the LV,
it also true that the ventricular septum contributes importantly to RV systolic performance.
That is why, others authors believe that global longitudinal strain is the most accurate since
the LV contributes 20% to 40% to RV systolic pressure (56). Furthermore, canine studies
demonstrated that the inactivation of the intraventricular septum leads to a significant
decrease in RV function and the reduction of RVFWLS function does not affect RVEF in the

presence of a preserved interventricular septum (57).
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Correlation and Reproducibility

RVLS-STE has been shown to be significantly correlated with cMR (58,59). The feasibility
of two-dimensional speckle tracking imaging is relatively good and ranged from 88% to 94%
in large studies (60). RVGLS have been shown to be more feasible and more reproducible
than RVFWLS in volunteers (61). The intraobserver and interobserver range of coefficients
of variation for the RVGLS were 2-7% and 3-10%, respectively(58) (61). However, its
interstudy reproducibility is still lacking in the literature.

Reference values of STE-RVLS in the literature

Reference values in the literature range between -21% to - 32 % (59,61-65). Additionally, it
has been shown that women have significantly a better RVLS than men (60) (59). Since
strain values differ among different software vendors, no definite reference ranges are
currently recommended for either global or free wall RVLS because of the need for additional
normative data from large studies involving multivendor software programs. Nevertheless,
the reference limit for RV-GLS and RV-FWLS is more generally stated to be approximately
-20% and -23% respectively (17) but most of the publication are partial to a single vendor
from the general electric Healthcare (GE).

1.6.4.2. Cardiac magnetic resonance feature tracking

cMR-FT is a 2D imaging technique that can be applied to standard cMR cine SSFP
sequences. This technique is gaining popularity by allowing measurement of myocardial

deformation without the need for dedicated acquisition and complex post-processing (51).

How does it work?

It is mainly based on the optical flow method of recognizing the anatomic features in the
cMR image that are different along the myocardial boundaries and tracked them in the
following time frames by methods of maximum likelihood of regions of interest between
time frames.

However, in contrast to STE, FT does not seem to distinguish speckles, as the grey level
distribution in cine SSFP images is relatively homogenous. Indeed, cMR images do not have

an equivalent of “speckle” because the apparent texture within the myocardium on cMR
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images is due to random noise and does not provide information for tracking. The assessment
of cMR-FT-RV is performed on 4 chamber cine-SSFP sequences which have excellent
blood-tissue contrast and the delineation of endocardial features can be tracked through the
cardiac cycle in a means similar to that used to analyze echocardiographic images. Regarding

the timing of measurement, it is recommended to use also the peak systolic strain as STE.

Figure 15 Principle of the feature tracking applied to cine-cMR image. Tracking the portion
of tissues about a series of point (illustrated in red on the picture) is based on defining small
square windows (or a patch of pixels) centered about such points on the first image (on the
left) and searching the highest resemblance of the grey scale pattern on the following image.
In this way, motion can be tracked through successive timeframes. Large windows allow to
recognize large displacements of the tissue, while the reduction of the window search area
about the previous estimated targets allows to improve the accuracy and the locality of the
estimation.

Adapted from Pedrizeti et al. JCMR 2016.

Correlation and reproducibility

The reproducibility of FT is extremely good in the literature (66) for both cMR-FT-RVGLS
( ICC 0.92 and 0.8 for the intravariability and intervariability respectively) and cMR-FT-
RVFWLS (ICC 0.92 and 0.87 for the intravariability and intervariability respectively). In
contrast to STE, It has been described no significant difference in cMR- FT between men and

women(66). Also, a good agreement between the RV longitudinal global strain
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measurements on FT and STE(67) has been shown. Moreover, the literature suggests that FT
may be superior to STE in assessing RV longitudinal global strain due to its higher inter-
observer reproducibility and the possibility to assess RV strain in a higher proportion of

patients.

Reference value

Reference values of RV-cMR-FT are less extensive than 2D-RV- STE and range between -
17% to -29% with no significant different between men and women(66-69). Importantly, As
STE, no definite reference ranges are currently recommended since cMR-FT reference value

are also software-dependent.

In summary, cMR-FT is a promising technique for evaluation of systolic and diastolic
function, although there is still a long way to go before it becomes a routine standard of care
essentially because of the lack of standardization of softwares and further insights into the
algorithms used are needed to improve the quality of tracking in order to make more accurate

judgments.
Limitations of deformation imaging

Overall, RVLS implementation in clinical settings has been hampered by the limited
reference value, the need of high-quality image, the lack of uniformity in software’s
algorithm (including the vendor secrecy) and the lack of consensus whether to consider or

not the septum wall part of the RV when assessing RV function with deformation imaging.

Limitation factors related to image, software and imaging modality are detailed below:

Image related factors

As deformation analysis methods are based on the analysis of specific image patterns
throughout the cardiac cycle, adequate spatial and temporal resolution are mandatory to
ensure the complete characterization of myocardial deformation in successive time frames

(Table 7).
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Resolution 2DE 3DE cMR-FT

Spatial 0.2-0.3 mm 0.4-0.5 mm 1-2 mm in plane/ 6-10
mm through plane
Temporal 40-60 frame/sec 20-50 frame/sec 25-35 phases/ heart
beat

Table 7 Spatial and temporal resolution across imaging modalities. 2DE, two-dimensional
echocardiography; 3DE, three-dimensional echocardiography and cMR-FT, cardiac
magnetic resonance- feature tracking.

Adapted from Schuster et al, Circ Cardiovascular imaging 2016.

If the temporal and spatial resolution are too low, the local patterns will become less
comparable and displacements may become harder to identify (51). This effect is known as
image de-correlation. cMR and 3DE have a lower temporal resolution than 2D
echocardiography and therefore are more prone to image de-correlation. On the other hand,
2DE and 3 DE have a higher spatial resolution than cMR(70). The particularity of the spatial
resolution of the ultrasound images is a lower lateral resolution than axial resolution and
lower depth resolution (71)(71). In other words, the most reliable results in ultrasound images
are obtained closer to the centerline of the image, at smaller depths. For that purpose, the
Task Force (53) recommends to optimize the sector width and depth to allow high frame rates
per cardiac cycle (or high temporal resolution) without significantly decreasing lateral
resolution in order to allow good tracking across the speckles. Therefore, optimal frame rate
is generally set between 60 and 80 frames per second. To increase reproducibility and
decrease random noise, echocardiographic images should be obtained with at least three
consecutive heart cycles. This is particularly important in patients with atrial fibrillation.
However, in clinical practice, the analysis in patients with sinus rhythm is commonly
performed using one beat (72) since most of the software programs use a single beat for

analysis.
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An adequate size of the tracking spatial unit is also needed in order to avoid either
averaging the pattern over a large area in case of a large search window or become less
feasible to recognize successive patterns if the search window is too small (51). Therefore,
solving displacement between short distance regions is difficult and may explain why usually
the radial strain (computed on the small distance between endocardium and epicardium) is
less reliable than longitudinal and circumferential strain(73). To date, it is not recommended

to perform RV circumferential strain due to its lower reproducibility.

Importantly, the region of interest should not include the pericardium, RV strain values will
be underestimated otherwise(53) since the deformation of the endocardial layer is more

important than in the mid and epicardial layers.

Software related factors: the software’s black box

The inter-vendor-variability of strain values is certainly the major source of variability in
strain measurements. Echocardiographic and cMR deformation imaging software programs
propose different versions and employ different algorithms for the data pre- or post-
processing in order to estimate the myocardial motion. Indeed, tracking methodologies differ
by the way they establish image correspondence between the frame and the way these
correspondences are regularized(74). Thus, the underlying algorithms of each software
programs influence the measurement of strain values and may lead to an under-or
overestimation of the interrogated parameter. As a result, the comparison between reported
strain measurements from different software programs with different algorithms is
impossible. That is why the types of software and their strain algorithms being used should

be considered and always reported when measuring RV strain.

Furthermore, STE algorithms apply spatial and temporal smoothing to reduce the random
noise, which can affect the measurement robustness by missing significant localized
abnormalities in the case of spatial smoothing or by masking rapid event in case of temporal
smoothing (51,75). The consequence is that local measures of deformation will show
unavoidable estimation errors, which are smoothed-out when global measures are built by
numerous spatial values. In view of this, parameters based on local results are less reliable
than those based on a combination meaning that global strains are more reliable than

segmental strains.
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There are other software related factors that introduce variability such as:

- The computation of Lagrangian versus Eularian strain. These two type of strain are
related - via a nonlinear relationship, so in small deformations the two strains are
approximately equal, but in large deformations the difference becomes significant, with
Langrangian strain having higher absolute value (76). It is recommended for the assessment

of RV systolic function to report Lagrangian strain preferentially over Eularian strain.

- The Calculation of global strain values give slightly different result (77) if we use
different formula (the average values computed at segmental level versus using the entire

myocardial length)

- The Definition of ED and ES, which has been shown to have a major influence on the
accuracy of strain measurements, up to the point that changing ED or ES by only 4 frame can
impact strain values significantly(78). Thus, it is important to identify manually the end
diastolic time since most analysis package define zero automatically as the value of the
beginning of the QRS complex, which is not always accurate, especially with the presence
of a bundle branch block. Importantly, as we mentioned before, the true end systolic time is
hard to find for the right ventricle and is a major source of variability in the measurement.

That is why it is recommended to report only the peak strain value.

A task Force has been set up for the LV strain by the European Association of cardiovascular
Imaging (EACVI) and the American Society of Echocardiography (ASE) in order to reduce
the wvariability of STE measurement in partnership with the manufacturer of
echocardiographic equipment and software (77). Subsequent to the joint standardization task
force initiative, several manufacturers have released improved software versions and the
inter-vendor agreement for 2D-STE-LV has improved for GLS but not for regional strain
measurements. A similar issue is also anticipated for FT, as inconsistencies between the
commercially available software have been demonstrated, with acceptable differences for
global longitudinal and circumferential strain. It is expected soon, a similar Task force

initiative for STE and FT of the RV.

41



Imaging modality related factors

Since 2D imaging planes are usually not the same when acquires by echocardiography and
cMR due to different scanning angle, complete correspondence between myocardial
segments is extremely difficult preventing an accurate intermodality comparison of 2D
regional deformation. Additionally, the foreshortening (not depicting the true apex in long
and short axis views) and the through-plane motion represent a limitation of 2D analysis,

which are overcome by 3D techniques.
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1.7. CLINICAL APPLICATION

1.7.1. Contribution of RV systolic function to prognosis in heart failure reduced ejection

fraction

RV systolic function has been shown in numerous studies to be a strong prognostic factor in
HFrEF population, in contrast to LVEF, which loses strength, when applied to this kind of
population because of the tight range of LVEF values. This was true for all means of
assessment of RV systolic function such as measured by echocardiography with RV-FAC
(45,79), TAPSE(80) (81-83) or Tei index (81,82); by cMR (83,84) or RVEF based on
radionuclide ventriculography (86-89) the conclusion is still concordant with a worse
outcome in patient with RV dysfunction (RVD). Therefore, RV function could better define
the prognosis of HFrEF patients. The prevalence of RV dysfunction in HF-rEF is not known
but Puwanant and Damy described a 1.5- to 2-fold higher prevalence of RVD in HFrEF
compared with HFpEF (85,86).

This association of RVD and worse outcome could be explained by the fact that RV function
reflects not only the intrinsic myocardial contractility of the RV, but also the afterload effect
imposed by increases in LV filling pressures and pulmonary vascular pathology. Hence, the
RV function could be compared as an extremely sensitive barometer of any “downstream”
factors since it is more profoundly affected by increases in afterload(87) than the LV.

Most of the RV prognosis literature is based on radionuclide ventriculography since the RV
assessment has historically been difficult in echocardiography but recent developments in
echocardiographic technology, in particular the development of STE and FT are changing
this situation. Table 8 and 9 illustrate the largest studies of the prognostic value of RV
systolic function in HF assessed by cMR and STE respectively.

cMR-FT- RV is still poorly investigated in advanced heart failure. So far, most of the studies,
regarding feature tracking in heart failure have assess only the left ventricle and have included
patients with different degrees of alteration of EF. Romano et al. showed an incremental
prognostic information of cMR-FT-LV to cMR-LVEF in predicting mortality in a large
population of more than 1000 patients with a LVEF < 50%(88). Unfortunately, the results of
the prognostic information of cMR-FT- RV were not published.
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Importantly, both RVGLS and RVFWLS assessed either by STE or FT have a prognostic
value in HF and thus we may conclude that quibbling over which is the best measure should
not obscure the importance of measuring the RV in heart failure with something. Table 8 and
Table 9 show the largest studies regarding the prognostic value in HF-rEF of cMR-RVEF
and RVLS (RVGLS or RVFWL) respectively.
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Marwa et al. Overall mortality 588 ICM 24+10 3 groups* RVSD is associated 5.7 year
2016 with increased (median)
(84) mortality in
ischemic patients.
Gulati et al. 1.All-cause 250 DCM <50 45% RVSD isan 6.8 years
2013 mortality or CT independent (median)
(83) 2. CV mortality predictor of
or CT transplant-free
3. HF death, HF survival and adverse
hospitalization or HF outcomes in
CT DCM.
Bourantas et al. Overall mortality 380 CHC <45 - Greater RV 45 months
2010 mixed dimension predicts (median)
(89) populati mortality in patients
on in CHC.
ICM&D RVESVI was not an
CM independent
predictor of
mortality when
clinical markers of
fluid overload were
included.
Pouleur et al. CV death 107 ICM <35 35% RVSD 4.7 years
2016 (90) after independently (median)
CABG predicts CV in
patients with CAD
and low EF
undergoing CABG
Mikami et al.(91) Sudden cardiac 314 Mixed: <54 45% RVSD is a strong, 773 days
arrest or ICM & independent
appropriate ICD DCM predictor of
therapy arrhythmic event

Table 8 Prognostic value of cMR-RVEEF in heart failure in the literature.

LVEF, left ventricular ejection fraction; RVEF, right ventricular ejection fraction; FUP,
follow-up; ICM, ischemic cardiopathy; RVSD, right ventricular systolic dysfunction; CT,
cardiac transplantation; CV, cardiovascular; RV, right ventricle; HF, heart failure; DCM,
dilated cardiomyopathy; CHC, chronic heart disease; RVESVI, right ventricular end-systolic
volume index; CABG, coronary bypass grafting; CAD, coronary artery disease and ICD,
Implantable Cardioverter Defibrillator.

*Patients were categorized in three groups: RVEF< 35%; RVEF: 35%-50% and RVEF >
50%.
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Authors RVLS Endpoints Sample | LVEF | Populatio | Cut-off Key message FUP Software
size n
Vizzardi et RVGLS | 1: CV deathand HF | n=60 |[<40% CHF: - RVFWLS strainisa |32+/-13 GE
al. & hospitalization DCM powerful prognostic | months | Healthcare
2014(92) RVFWLS 2:HF and ICM variable for the (Vivid)
hospitalization only prediction of major
cardiac events in
patients with CHF.
Guendouz et RVGLS | Death, Emergency, | n=118 |<40% CHEF: >-21% RVLS is an 37+/- 14 GE
al. 2012 CT, emergency ICM and independent predictor | months | Healthcare
93) LVAD or acute HF DCM of severe adverse (Vivid)
events in CHC.
Cameli etal. | RVGLS CV death, HF n=98 [<35% | CHF: -114% | FW and RV-GLSare | 1.5+/- GE
2013 & hospitalization, CT, ICM and stronger predictor of 0.9 Healthcare
94) RVFWLS | IABP and LVAD DCM outcome than LV-LS. | years (Vivid)
Motoki etal. | RVGLS | Death,CT, and HF | n=171 |[<35% CHEF: -14.8% RVGLS provides 5 years GE
2014 hospitalization ICM and incremental Healthcare
(103) DCM prognostic value of Vivid
LVFE in HREF
Iacovielloet | RVGLS | 1: Overall mortality | n=332 | <45% CHF: - RVGLS predicts 36+/- 26 GE
al. 2016 2:CV death, CT or ICM and mortality in CHC. months | Healthcare
(104) death due to WHF. DCM Vivid
Carluccioet | RVFWLS | Overall death and n=200 | <40% CHF: -153% | RVFWLS provides 28 GE
al. 2018 HF hospitalization. ICM and incremental months | healthcare
(105) DCM prognostic Vivid

information over a
preserved TAPSE in
HFrEF.

Table 9 Prognostic value of RVLS in HF-rEF in the literature

RVLS, right ventricular longitudinal strain; LVEF, left ventricular ejection fraction; FUP,
follow-up; RVGLS, right ventricular global longitudinal strain; RVFWLS, right ventricular free
wall longitudinal strain;; CV, cardiovascular; CHF, chronic heart disease; HF, heart failure; CT,
cardiac transplantation; LVAD, Left Ventricular Assist Device); IABP; intra-aortic balloon
pump; LVLS, left ventricular longitudinal strain; HF-rEF, heart failure and reduced ejection
fraction WHF, worsening of heart failure and TAPSE, tricuspid annular plane systolic excursion.
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II: AIM OF THIS THESIS
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In the current setting of highlighting the clinical importance of the right ventricle (RV) in
innumerous diseases, we sought to contribute to the current state-of-the-art by addressing
part of the gaps in evidence of validation and clinical application of deformation imaging
modalities and the pulmonary transit time in predicting outcome in heart failure and reduced
ejection fraction (HFrEF). Therefore, our work was aimed to first evaluate the variability
day-to-day of these widely used deformation imaging techniques and, secondly, to
investigate the additional prognostic value of these technique in HFrEF in direct comparison

with cardiac magnetic resonance, the gold standard of RV systolic function.

The strength of a technique relies on its reproducibility.

The quantification of left and right heart function in a reproducible and repeatable manner is
decisive for risk stratification and clinical decision making in several cardiac diseases
conditions such as ischemic cardiomyopathy (95,96), heart failure(97) (98), valve disease(99-
101), pulmonary hypertension, tricuspid regurgitation, arrhythmogenic cardiomyopathy
(102) and several grown up congenital cardiac diseases. Therefore, in these clinical
situations, and especially in cardio-oncology(103) it is crucial to serially and accurately
follow changes of cardiac systolic function over time to monitor for potential deleterious
cardiotoxic effects of drugs or medications.

Cardiac magnetic resonance (cMR) is currently considered the reference standard for
reproducible evaluation of left ventricular ejection fraction (LVEF) and RVEF(104) with a
relatively good interstudy reproducibility which is defined as the standard deviation of the
mean difference between 2 repeated studies of the cMR-RVEEF.

Additionally, cMR interstudy reproducibility has been shown to have considerable
improvement compared with echocardiography. cMR- RV interstudy reproducibility was
reported as 6% for end-diastolic volume, 14% for end-systolic volume, 8% for ejection
fraction, and 9% for RV mass(24). Additionally, the sample size reduction through its use
compared with echocardiography is considerable, ranging from 55% to 93%.(29)

The scientific literature of deformation imaging techniques is recently overflowing (105)

with the promise of higher accuracy and reproducibility in the assessment of the LV and RV
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function. Notwithstanding the enthusiastic scientific interest, myocardial deformation
assessment has only partly breached the clinical setting, as several concerns have been raised
regarding its robustness in the real-life scenario. Yet, most studies evaluated only their inter-
observer or intra-observer variability, and only limited data exist on the test-retest reliability
than on their observer variability. The interstudy reproducibility is the pivotal factor for
determining the ability of a technique to perform consecutive follow-up examinations to
detect a change in volume. High reproducibility or in other words, low standard deviation,
leads not only to greater reliability of observed changes in parameters under measure but also

smaller sample size in clinical trials.

Therefore, the first aim of this thesis was to contribute to the advancement in the filed by
filling the gap in the literature evaluating whether speckle tracking echocardiography (STE)
and cMR feature tracking (FT) global longitudinal (GLS) and circumferential (GCS) strains
allow better test-retest reproducibility of LV and RV systolic function than conventional
c¢MR and echocardiographic parameters. Further, to allow decision which parameter would
be most conclusive in design of prospective drug trials, we also sought to compute the sample
sizes needed to demonstrate significant changes in LV and RV function by different methods.
Hence, we performed head to head comparison of test—retest reliability of these methods in
a prospective trial of 50 subjects with a wide range of left ventricular function undergoing

both echocardiography and cMR simultaneously on two separate days.

Additional prognostic value of deformation imaging techniques in advanced heart

failure

It is certainly true that RV-STE has already been intensively studied by a tremendous number
of publications in HF. However, these publications only showed an additional prognostic
value of RV-STE over simple echocardiographic parameters such as RV-FAC or TAPSE and
inter-technique comparison can only demonstrate their relative performance. Also, most of
the clinical validation studies published so far have a short follow-up, softer composite
primary endpoints (i.e. including heart failure), and include a very small number of subject,

which can only hardly represent the diverse pathological phenotypes encountered in clinical
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practice. Moreover, as these are all echocardiographic studies, the contribution of evaluating

the function by cMR was not integrated in the clinical prediction models

There is recently also a growing interest in the literature for cMR-FT strain derived
parameters, motivated by the easily and possible retrospective application on regular cine
SSFP images and higher signal to noise ratio compared to echocardiography. Nevertheless,
clinical validation of FT-RV in HF-rEF is still extremely scarce. Importantly, so far, no study
has evaluated whether the prognostic value of these new approaches equals cMR-RVEF to
identify HF patients at higher risk of mortality.

Therefore, the second aim of this thesis was to estimate the prognostic significance of 2D
STE-RVGLS and FWLS, in patients with HF with reduced EF (HFrEF) in direct comparison
with CMR-RVEF and feature tracking (FT) and to conventional

echocardiographic parameters. We focus on patients with heart failure and reduced ejection
fraction because we believe they deserve further attention since they have not been
completely characterized in term of prognosis despite their well know increased risk of
morbidity and mortality.

Accordingly, we prospectively studied 266 patients with HFrEF to assess the independent
additional prognostic value of 2D-STE versus CMR-RVEF to predict overall and

cardiovascular (CV) survival over baseline clinical and echocardiographic data.

Additional prognostic value of pulmonary transit time in advanced heart failure

Pulmonary transit time (PTT) assessed by cMR has been shown to be increased both in heart
failure (HF) with reduced and preserved ejection fraction (EF)(41). This is easy explained by
the fact that PTT is a well-known parameter to evaluate global cardiopulmonary function
containing information not only from right and left ventricle pump function but also
pulmonary blood volume and hemodynamic congestion. However, its prognostic value is so
far clearly insufficiently investigated and has not yet been compared to other known clinical
and imaging parameters. To date, only one study (100) has assessed the prognostic value of

PTT by cMR in a HF population with a mild LV dysfunction (LVEF< 50%) using a softer

51



primary composite endpoint including cardiovascular death, HF hospitalization, sustained

ventricular arrhythmia or appropriate implantable cardioverter defibrillator.

Therefore, we sought to evaluate the prognostic significance of PTT by first pass perfusion
cMR in patients with HFTEF because PTT will reflect mostly RV function and pulmonary
congestion in this population since LV function is overall decreased. Hence, a high PTT will
reflect a combination of raised pulmonary pressures and RV dysfunction suggesting that the
contractile reserve is struggled to maintain output against the heightened afterload and

portends a particularly ominous prognosis (117,118).

Thus, the third and last aim of this thesis was to compare the ability of PTT to predict both
overall mortality and a combined endpoint of cardiovascular survival and HF hospitalization
over and above other well-validated parameters in the prognosis of heart failure and in direct

comparison with LV and RV feature tracking.
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ABSTRACT

Aims:

Reproducible evaluation of left (LV) and right (RV) ventricular function is crucial for clinical
decision-making and risk stratification. We evaluated whether speckle tracking
echocardiography (STE) and cardiac magnetic resonance feature tracking (cMR-FT) global
longitudinal (GLS) and circumferential (GCS) strains allow better test-retest reproducibility

of LV and RV systolic function than conventional cMR and echocardiographic parameters.

Methods and Results:

30 healthy volunteers and 20 chronic heart failure patients underwent cMR and STE twice
on separate days to evaluate test-retest coefficient of variation (CV), intraclass correlation
coefficient (ICC) and estimated sample sizes for significant changes in LV and RV function.
Among LV parameters, cMR-LV ejection fraction (EF) had the highest reproducibility
(CV=6.7%, 1CC=0.98), significantly better than cMR-FT-GLS (CV=15.1%, ICC 0.84) and
GCS (CV=11.5%, ICC=0.94) and echocardiographic LVEF (CV=11.3%, ICC=0.93). STE-
LV-GLS (CV=8.9%, ICC=0.94) had significantly better reproducibility than cMR-FT-LV-
GLS. Among RV parameters, STE-RV-GLS (CV=7.3%, ICC=0.93) had significantly better
CV than cMR-RVEF (CV=13%, 1CC=0.82). cMR-FT-RVGLS (CV=43%, ICC=0.39)
performed poorly with significantly lower reproducibility than all other RV parameters.
Owing to their superior interstudy reproducibility, MR LVEF (n=12), RVEF (n=41) and
STE-LV and RV-GLS (both n=14) were the parameters allowing the lowest calculated

sample sizes to detect 10% change in LV or RV systolic function.

Conclusion:

STE-LV-GLS and STE-RV-GLS showed higher test-retest reliability than other
echocardiographic measurements of LV and RV function. They also allowed smaller
calculated sample sizes, supporting the use of STE-LV and RV-GLS for longitudinal follow-
up of LV and RV function.
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INTRODUCTION

Evaluation of systolic left ventricular (LV) and right ventricular (RV) function is decisive for
risk stratification and clinical decision making in many cardiac conditions such as myocardial
infarction(95,96) heart failure(97) valve disease(99-101), heart failure and reduced ejection
fraction (HFrEF) (98), pulmonary hypertension, tricuspid regurgitation, arrhythmogenic
cardiomyopathy (102) and several grown up congenital cardiac diseases. In many of these
clinical situations, and particularly in cardio-oncology(103) it is crucial to serially and
accurately follow changes of cardiac systolic function over time to monitor for potential
deleterious cardiotoxic effects of drugs or medications.

Echocardiography is the most commonly used imaging technique to assess the systolic
function of both ventricles. However, it has well-recognized limitations in evaluating
chamber volumes and ejection fraction (EF) due to its two-dimensional (2D) characteristics.
This is particularly true for the RV, where there is no geometric model that enables an
estimate of its volumes based on 2D measurements. Therefore, right ventricular ejection
fraction (RVEF) derived from RV volumes by 2D-echocardiography is not recommended.
Indeed, current guidelines propose the use of a combination of surrogate parameters to assess
RV systolic function by echocardiography(17). Cardiac magnetic resonance (cMR) is
currently considered the reference standard for reproducible evaluation of left ventricular
ejection fraction (LVEF) and RVEF(104). It has this huge advantage to offer a full three-
dimensional (3D) coverage of the entire LV irrespectively of the cardiac or body shape with
high contrast and sharpness between blood pool and endocardial borders of the myocardium.
More recently, deformation imaging techniques have become popular(105) promising higher
accuracy and reproducibility of LV and RV function assessment. Yet, most studies evaluated
only their inter-observer or intra-observer variability, and only limited data exist on their test—
retest reliability.

Therefore, the aim of this study was to investigate test-retest reliability and minimal
detectable changes of speckle-tracking-derived strain echocardiography (STE) and cMR
feature tracking (FT) in comparison to conventional echocardiographic and cMR parameters
of systolic LV and RV function. Further, we also sought to compute the sample sizes needed
to demonstrate significant changes of prespecified differences in LV and RV function by

different methods in order to identify which parameter would be most conclusive in design
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of prospective drug trials, Hence, we performed head to head comparison of test—retest
reliability of these methods in a prospective trial of 50 subjects with a wide range of left
ventricular function undergoing both echocardiography and CMR simultaneously on two

separate days.

METHODS

Study population and protocol

The study protocol was approved by the ethics committee of our institution (Comité Ethique
Hospitalo-Facultaire de 1’Universit¢é Catholique de Louvain, Brussels, Belgium:
19MAR2019 CARDIO-EVAL-ECHO-IRM) and informed written consent was obtained
from each subject before participation in the study. We prospectively included 50 subjects
including 30 healthy volunteers with no history of cardiovascular disease and 20 patients
with stable chronic heart failure (CHF) who had left ventricular systolic dysfunction (LVEF<
50%). Stable chronic heart failure was defined as the absence of increase in severity of
symptoms or signs of heart failure within 30 days. Exclusion criteria were non-sinus rhythm
(atrial fibrillation or flutter), severe chronic kidney disease defined as a Glomerular Filtration
Rate (GFR) <30 ml/min/1.73m2 or others generally accepted contraindications of cMR
(cardiac devices, cerebral aneurysm clips and claustrophobia).

Each subject underwent respectively 2 CMR and 2 echocardiography exams in random order
within a maximal delay of 5 days for healthy volunteers and 1 day for CHF patients to avoid
changes in hemodynamic conditions, and within approximately 20 minutes between each
technique. The same acquisition protocols with the same cMR and echocardiographic
systems were used for all the patients. Importantly the same operator (LH) performed both
acquisitions. Both studies (study 1 and 2) were anonymized and analyzed off-line by the same
operator (LH). For intraobserver and interobserver variability the same experienced reader
(LH) re-analyzed 20 random cMR and echocardiography studies 6 weeks later blinded to
prior measurements. A second reader (SM) performed the analysis on the same 20 cMR and
echocardiography studies also blinded to prior measurements. For all participants, age, sex,
body mass index, body surface area, medical history was collected at baseline. Additionally,

blood pressure and heart rate were measured at each visit.

58



2D transthoracic echocardiography

Standardized comprehensive transthoracic echocardiography (TTE) exams were acquired
using Philips EPIQ 7 ultrasound system (Philips Medical Systems, Andover, MA, United
States) equipped with a X5-1 probe in harmonic imaging (2.6/1.3 Mhz), stored on a PACS
server (Intellispace CV, Philips Medical Systems, Andover, MA, United States). Two-
dimensional grayscale harmonic images were acquired in the 3 standard apical views (2-, 3-
and 4-chamber) and the 3 standard short axis views (at the basal, mid- and apical ventricular
level) during breath-hold (3 heartbeats each). The average frame rate of the clips was 59+9
frames per second. Care was taken to avoid foreshortening and to image the true apex in
apical views. Data was anonymized and analyzed off-line by one single experienced observer
(LH).

LV volumes were calculated according to the biplane modified Simpson’s rule after semi-
automatically tracing end-diastolic and end-systolic endocardial boundaries in the apical 2
and 4 chamber views. LVEF, TAPSE, FAC were also performed according to the latest
guidelines(17). LV and RV-STE were assessed using Tomtec software (4.6 Version; Tomtec
Imaging Systems, Germany) as previously reported(98). Endocardial borders of the RV and
LV were automatically tracked throughout the cardiac cycle by the software, with manual
corrections if necessary. STE-LV- end-systolic- global longitudinal strain (GLS) was
computed by averaging 2, 3 and 4 chamber views. For the RV- we evaluated both peak
systolic GLS and RV Free Wall longitudinal strain (FWLS). LVEF and GLS were both

performed automatically with manual correction if necessary.

Cardiac magnetic resonance

All subjects underwent a standardized cMR myocardial function study on a 3T scanner
(Achieva, Philips Medical Systems, Best, the Netherlands). 10-12 consecutive short axis
images covering the entire L'V, and respectively one 2- 3- and 4 chambers long-axis cine
SSFP images were acquired for assessment of myocardial function. Imaging parameters were
as follow: field of view: 320 mm, imaging matrix 160x154 resulting in spatial resolution of
2x2.1 mm, slice thickness 8 mm with 2 mm gap, flip angle 60 degrees, repetition time (TR)

3.6 ms, echo time (TE) 1.7 ms using SENSE acceleration factor 2.The frame rate was 25
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cycles / heart beat. Acquisitions were performed with retrospective gating and 3 slices were
acquired per breathhold. CMR RV and LV volumes and EF were computed using the freely

available software Segment version 2.2 (http.//segment.heiberg.se) (106) from short-axis

cine images by tracing the endo- and epicardial contours in the end-diastolic (ED) and end-
systolic (ES) phases. LV and RV endocardial and epicardial contours were detected
automatically with manual corrections if needed. Values were indexed to the body surface
area. FT-LV and RV GLS was computed using CVI-42 software (Circle CV, Montreal,
Canada). Mid-ventricular global circumferential strain (GCS) was obtained from consecutive
short axis views, FT-LV-GLS by averaging measurements of 2, 3 and 4 longitudinal views

and FT-RV-GLS on a 4-chamber view.

Statistical analysis

Statistical analyses were performed using SPSS 21 and R software (version 3.3.2). The power
of our study was computed using R package /CC power indicating a power of 0.8 to
distinguish difference of intraclass correlation (ICC) of 0.79 from null hypothesis 0.9 with
alpha 0.05.

Continuous variables were expressed as mean + one standard deviation (SD), categorical
variables as counts and percentages. All cMR and echocardiographic measurements were
normally distributed as determined by the Kolmogorov-Smirnov test.

To investigate test—retest reliability we performed Bland-Altman analysis with computation
of within-subject coefficient of variation (CV) and single measures two-way mixed ICC with
interaction for the absolute agreement. Differences in CV were compared using an
asymptotic test according to Felz and Miller using the routine cvequality (Version 0.1.3;
Marwick and Krishnamoorthy 2019). Differences in ICC were compared using F test
according to the method described by Feldt, and p values were adjusted for multiple
comparison by Hochman’s method. Standard error of measurement (SEM) was assessed as
01 —1CC where o is standard deviation. The smallest detectable change (SDC)
representing the minimal difference between the measurements that mu6.7st overcome to
ascertain a true change or difference with a less than 5% chance of error was computed as
1.96 /2 * SEM. We also estimated sample sizes to demonstrate clinical change for the

different parameters studied using typical cutoff values used in the literature (i.e. >5% LVEF,
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>2% strain), but also 5% and 10% of relative normal values in healthy volunteers. These
sample size computations were made assuming a power of 90% and an a error of 0.05. These
computations were performed using the pwr.z.fest function in R.

Finally, intraobserver and interobserver reproducibility of the measurement studied was
evaluated in 20 randomly selected patients using respectively single measures two-way
mixed-effect ICC and two-way random effect ICC with absolute agreement. All tests were 2

sided and p value <0.05 was considered statistically significant.

RESULTS

Baseline characteristics of the study population
Table 1 illustrates the baseline characteristics of the study population. The mean age was

46+19 years with 69% of men. The population had a wide range of LV and RV ejection

fraction.
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All HV Heart-failure pts

(n=50) (n=30) (n=20)
Age (years) 46+19 35+11 63+17
Female Sex (n, %) 15 (31%) 10 (33%) 2 (26%)
BMI (kg/m2) 23+3 2242 25+4
BSA (m2) 1.8+£0.2 1.8+0.2 1.9+0.2
ATH (n, %) 9(18) 0(0) 6 (24)
Diabetes (n, %) 6 (12) 0 (0) 6 (30)
History of CAD (n, %) 6(12) 0 (0) 6 (30)
Echocardiography
LVEDVi (ml/m2) 91+38 80+18 108+53
LVESVi (ml/m2) 3945 30+7 74+40
LVEF (%) 51+16 63+4 3348
STE-LV-GLS (%) -19+6 -24+3 -12+3
STE-RV-FWLS (%) -25+7 -28+6 -21+6
STE-RV-GLS (%) -2445 -27+3 -19+4
TAPSE (mm) 22+5 24+4 1945
FAC (%) 45+10 48+5 40+14
¢cMR
LVEDVi (ml/m2) 110+65 85+15 14690
LVESVi (ml/m2) 61+58 32+7 103£92
LVEF (%) 50+17 62454 31+10
FT-LV-GLS -11+4 -1442 -7+3
FT-LV-GCS -1345 -17£2 -8+3
RVEDVi (ml/m2) 85422 87+18 81+26
RVESVi (ml/m2) 41£19 38+11 4525
RVEF (%) 51«11 55+6 43+13
FT-RV-GLS (%) -14+6 -16£6 -11+6

Table 1 Clinical characteristics of the study population.

BMI indicates Body mass index; BSA: body surface area; ATH: arterial hypertension;
CAD:coronary artery disease; HV: healthy volunteers; LVEDVI: left ventricular end
diastolic volume indexed; LVESVI: left ventricular end systolic volume indexed; LVEF: left
ventricular ejection fraction; STE-LV-GLS: speckle tracking echocardiography - left
ventricular - global longitudinal strain; RV-FWLS: right ventricular -free wall longitudinal
strain; RV-GLS: right ventricular - global longitudinal strain; TAPSE: tricuspid annular
systolic excursion; FAC: fractional area change; cMR: cardiac magnetic resonance; FT:
feature tracking; LV-GCS: left ventricular global circumferential strain; RVEDVI: right
ventricular end diastolic volume indexed; RVESVI: right ventricular end systolic volume
indexed and RVEEF: right ventricular ejection fraction.
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Table 2 shows hemodynamic measurements between the two acquisitions. There was no
statistical difference in blood pressure or heart rate between study 1 and 2 neither between

echocardiography and cMR studies on the same day.

Dayl Day2 P
value
cMR HR (bpm) 67+11 66+12 0.79
SBP (mmHg) 118+17 120413 0.28
DBP (mmHg) 75+11 75+8 1
MAP (mmHg) 89+12 90+9 0.63
Echo HR (bpm) 64+10 64+10 0.87
SBP (mmHg) 118+17 120413 0.28
DBP (mmHg) 75+11 75+8 1
MAP (mmHg) 89+12 90+9 0.63

Table 2 Hemodynamics measurements.
cMR indicates cardiac magnetic resonance; Echo, echocardiography; HR, heart rate; SBP,
systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure.

Example of STE and FT measurement from a healthy volunteer and a patient are shown in
Figure 1a and 1b. For the LV, STE-LV-GLS (r=-0.94, p<0.001), cMR-FT-LVGLS (r=-0.91,
p<0.001), cMR FT-LVGCS (r=-0.93, p<0.001) were highly correlated to cMR-LVEF. Also,
STE-LVGLS was highly correlated to FT-LVGLS (r=0.90, p<0.001) and Echocardiography-
LVEF to cMR-LVEF (1=0.96, p<0.001). However, STE-LV-GLS provided significantly
greater values than FT-GLS (-1946 vs -1144, p<0.001). There were no significant differences
in LVEF between cMR and Echo (p=0.23). For the RV, FAC (r=0.60, p<0.001), TAPSE
(0.54, p<0.001), STE-RVGLS (r=-0.66, p<0.001), FT-RVGLS (r=-0.58, p<0.001) and FT-
RVGLS (1=-0.56, p<0.001) were moderately correlated with RVEF. STE-RVGLS was
moderately correlated to FT-RV-GLS (r=0.67, p<0.001), but STE-RV-GLS values were
significantly greater than FT-RVGLS (-2445 vs -144+4%, p<0.001).
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Figure 1 Example of speckle tracking echocardiography and cardiac magnetic feature

tracking assessment. Graphs are not scaled to same data range.
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Measureme Mean SCD95

nt Measurement  Difference +- SDC95 rel.

LV par ters Day 1 day 2 SD P value Cv ICC abs. (%) (%)

¢cMR LVEF (%) 49.2+17.3 49.0+16.8 0.23+3.65 .66 6.7" 0.98[0.96;099] 1.5 3.1

FT-LVGLS (%) -11.1+3.8 -11.1+£3.9 0.08+2.22 £ 15.1" 0.84 2.5 222

[0.73;0.90]

FT-LVGCS (%) -13.1+4.7 -13.1+4.8 0.00+1.64 99 115° 0.94 1.1 85
[0.90;0.97]"#

Echo LVEF (%) 48.9+15.5 50.9+16.1 -1.89+5.88 <0.03 113" 0.93 4.4 8.7
[0.87;0.96]"#

STE-LVGLS (%) -19.4+6.1 -19.1+6.6 -0.21+2.14 A7 8.9 094 14 72

[0.91;0.971"*

i{l\jlllim. RVEF?%) 50.7+11.3 50.2+13.1 0.46+7.55 .66 13.09+ 0.82[0.69;0.89] 9.1 18
FT-RV-GLS (%) -13.6+£5.2 -14.8+4.8 1.14£5.77 17 429t 0.39 [0.’13;0.59] 125 88
Echo STE-RV-GLS (%) -24.1+4.9 -243+5.2 0.20+2.14 51 739 091 [0.25;0.95] 1.7 72
STE-RV-FWS -26.0+5.8 -25.6+6.5 0.72+3.81 .19 12.89+ 0.81 [0%9;0.88] 5.8 226
'(g]\)PSE (mm) 22.3+5.6 222+5.1 0.13+3.61 62 16.59+ 0.78 [0%3;0.87] 4.7 212
FAC (%) 4449 45+11 -0.64+9.06 79 12.19+ 0.60 [0.139;0.75] 15.8 355

Table 3 Test-Retest reproducibility and smallest detectable difference

cMR: cardiac magnetic resonance; CV: coefficient of variation; Echo: echocardiography;
ICC: intraclass correlation, LV left ventricular; RV: right ventricular; SD: standard
deviation; SDC: small detectable change; abs: absolute and rel: relative. The SDC
represents the minimal difference between the measurements that must overcome to
ascertain a true change or difference with a less than 5% chance of error.

LV parameter comparisons: *): p<0.05 vs cMR-LVEF, #) p<0.05 vs cMR-FT-LVGLS.
RV parameter comparisons: ¥): p<0.05 cMR-FT-RVGLS 7): p<0.05 vs STE-RVGLS
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Interstudy reproducibility data

Average values of LV measurements on day 1 and day 2, their difference, CV, limits of
agreement, ICC and smallest detectable difference are shown in Table 3 while Bland-
Altmann graphs are shown in Figure 2.

Overall there were no significant difference in LV measurements between day 1 and day 2,
except for a small difference of LVEF by echocardiography Simpson’s method, which was
slightly (p<0.03) higher on day 2. For all LV parameters, the coefficient of variability was
good, and all ICC were high (>0.75) indicating good reproducibility. cMR-LVEF had the
highest reproducibility of all LV parameters, with a significantly (p<0.05) higher ICC than
the other modalities and a significantly lower CV (P<0.005) than cMR-FT-LVGLS, cMR-
FT-LVGCS and echocardiography-LVEF. STE-LVGLS was the second most reproducible
parameter. Interestingly, the CV of STE-LV-GLS was significantly (p<0.005) better than the
CV of cMR-FT-LVGLS. Also, the ICC of cMR-FT-LV-GCS, echocardiography-LVEF and
STE-LVGLS were significantly (p<0.05) better than cMR-FT-GLS. Figure 3 illustrates the

temporal variability of the LV parameters studied.
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Table 3 shows the average values of RV measurements on day 1 and day 2, their difference,

CV, limits of agreement, ICC and their smallest detectable difference, while Bland-Altmann

graphs are illustrated in Figure 4.
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All parameters had acceptable reproducibility with CVs <20% and ICCs>0.75, except FAC
who had an ICC of 0.60 and cMR-FT-RVGLS which had poor day-to- day reproducibility
(CV 43% and ICC 0.39). Among RV parameters STE-RV-GLS was the most reproducible
parameter with a significantly (p<0.005) lower CV than all other parameters and a
significantly (p<0.005) higher ICC than cMR-FT-RVGLS, TAPSE and FAC. On the other
hand, cMR-FT-RVGLS was the least reproducible parameter with significantly (p<0.001)
worse CV than all other parameters and significantly (p<0.001) lower ICC than cMR-RVEEF,
STE-RV-GLS and FW-RV-GLS. Figure 5 illustrates the temporal variability of the RV

parameters studied.
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Figure 5 Temporal Variability of right ventricular parameters. ): p<0.05 CV cMR-FT-
RVGLS vs all other groups 1): p<0.05 CV STE-RVGLS vs all other groups.
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Sample size computation

Table 4 and Figure 6 reveal the sample size computations for different changes in LV and

RV functional parameters.

Absolute changes Relative changes
Change in >5% Change in >10% normal
normal value in HV value of HV
LV Cutoff value ~ Sample Cutoff value Sample Cutoff Sample
parameters size size value size
cMR LVEF >5% 12 >3.1% 30 >6.1% 12
LV-GLS >2% 27 >0.7% 227 >1.4% 56
LV-GCS >2% 15 >0.8% 86 >1.6% 22
Echo LVEF >5% 30 >3.1% 76 >6.2% 19
LV-GLS >2% 25 >1.4% 54 >2.7% 14
RV
parameters
c¢cMR RVEF >5% 48 >2.75% 160 >5.5% 41
RV-GLS >2% 148 >0.7 1348 >1.5% 399
Echo RV-GLS >2% 25 >1.4% 53 >2.7% 14
RV-FWS >2% 77 >1.4% 146 >2.9% 37
TAPSE >2mm 70 >1.25 mm 184 >2.5 mm 47
FAC >7% 36 >2.5% 276 >5% 70

Table 4 Sample Sizes Required to Detect a Clinically Significant Change in Left and Right
Ventricular function (with 90% power and an a error of 0.05) using two tailed t test.

cMR: cardiac magnetic resonance; Echo: echocardiography; HV: healthy volunteer. LV left
ventricular; RV: right ventricular.
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Figure 6 Estimated sample sizes to demonstrate 5% and 10% relative change of normal
values in healthy volunteers for different LV and RV parameters.
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Among LV parameters, given its highest interstudy reproducibility, cMR-LVEF required the
smallest sample size to demonstrate a clinical change in 5% and 10% of relative normal value
(i.e. n=30 and n=12). To demonstrate a similar change using Echocardiography-LVEF, a
sample size of n=76 and n=19 would have been required. cMR-FT-LV-GLS and FT-LV-
GCS did not allow to reduce sample sizes relative to cMR-LVEF. STE-LV-GLS, however,
allowed smaller sample sizes to demonstrate >5% and >10% normal values (i.e. >1.4% and
>2.7% absolute strain changes and n-54 and 14) than echocardiographic LVEF. Interestingly,
projected sample sizes for STE-LV-GLS were also smaller than those for cMR-FT-LV-GLS
and FT- LV-GCS.

For the RV, demonstration of absolute and relative changes of cMR-RVEF by 5 and 10%xx
required larger sample sizes than absolute and relative changes of cMR-LVEF. Among all
RV parameters, STE-RV-GLS allowed the smallest sample size to demonstrate a change in
5% and 10% of relative normal values. The sample sizes needed to demonstrate changes in
RV function by STE-RV-FWLS, TAPSE and FAC were larger. Given the observed low
reproducibility, cMR-FT-RVGLS would have required the largest sample size to evaluate

significant statistical relative changes in normal RV function.

Inter and intra-observer variability data

The reproducibility of the studied measurements is shown in Table 5. All measurements had

good intra-observer and inter-observer reproducibilities except cMR-FT-RV-GLS.
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Intraobserver reproducibility Interobserver reproducibility

Coefficient of variation ICC Coefficient of ICC
% (95%CI) variation % (95%CI)

LVEF Simpson 7.9 0.97 4.7 0.96
FAC 9.5 0.98 13.9 0.79
TAPSE 7.9 0.97 85 0.88
STE-LV-GLS 10.2 0.86 11.8 0.9
STE-RV-GLS 9.2 0.92 10.3 0.83
STE-RV-FWLS 13.3 0.93 10.8 0.85
c¢cMR-LVEF 5.2 0.99 8.1 0.98
c¢cMR-RVEF 7.3 0.98 13.9 0.92
FT-cMR-LV-GCS 11.1 0.99 10.9 0.97
FT-cMR-LV-GLS 12.9 0.94 21.5 0.90
FT-cMR-RV-GLS 39.6 0.63 38.6 0.24

Table S Intra-inter observer reproducibility data

CI: confidence interval, ICC: Intra-class correlation coefficient; LVEF simpson: left
ventricular ejection fraction calculated according to the biplane modified Simpson’s rule;
FAC: fractional area change; TAPSE: tricuspid annular systolic excursion; STE-LV-GLS:
speckle tracking echocardiography - left ventricular - global longitudinal strain; RV-GLS:
right ventricular - global longitudinal strain; RV-FWLS: right ventricular -free wall
longitudinal strain, cMR-LVEF: cardiac magnetic resonance - left ventricular ejection
fraction; cMR-RVEF: cardiac magnetic resonance — right ventricular ejection fraction; FT-
cMR-LV-GCS: Feature tracking- cardiac magnetic resonance- left ventricular- global
circumferential strain; FT-cMR-LV-GLS: Feature tracking- cardiac magnetic resonance- left
ventricular- global longitudinal strain; FT-cMR-RV-GLS: Feature tracking- cardiac
magnetic resonance- right ventricular- global longitudinal strain
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DISCUSSION

Our study is to our knowledge the first head-to-head comparison of test-to-test
reproducibility of not only LV and RV STE but also cMR-FT techniques vs conventional
echocardiography and cMR. The salient findings of our study were: a) Among LV
parameters, LVEF by cMR had the highest reproducibility followed by STE-LV-GLS. Both
had better test—retest reliability than LVEF by 2D echocardiography. cMR-FT-GLS was less
reproducible than cMR-LVEF and STE-GLS. b) Among parameters of RV function, STE-
RV-GLS had the highest test-retest reliability to assess RV systolic function. By contrast
c¢cMR-FT-RV-GLS performed poorly. c) Due to their better reproducibility, cMR-LVEF,
RVEF and STE-LV-GLS and STE-RV-GLS were the parameters allowing the lowest
calculated sample sizes to detect significant change in LV or RV systolic function when
planning research studies.

The observation that cMR-LVEF is the most reproducible parameter for evaluation of LV
systolic function was expected in accordance with earlier works(107-110). cMR-LVEF was
also confirmed to be more reproducible than LVEF by 2D biplane echocardiography
Simpson’s method, which may be restricted by echocardiographic windows, geometrical
assumptions, difficult endocardial definition and foreshortening. Nevertheless, the
reproducibility of 2D-LVEEF in our study was satisfactory and somewhat better than in prior
studies(107,111-113), possibly reflecting improvements in imaging technology. In
agreement with earlier reports for 2D(114) and 3D STE(115) but in contrast to the study by
Baron et al.(113), we showed that STE strain is a highly reproducible method for assessment
of systolic function by echocardiography with better test-retest reproducibility than
echocardiography-LVEF. This probably reflects that strain analysis is more automated and
thus less user dependent(105) than LVEF analysis. Surprisingly, however, this was not the
case for cMR deformation techniques, since both cMR-FT-GLS or FT-GCS were less
reproducible than cMR-LVEF. Also, cMR-FT-GLS had lower reproducibility than STE-LV-
GLS. While other studies reported comparable measurements of ¢cMR-FT and STE
strains(116,117), no such comparison of test-retest reproducibility between STE and cMR-
FT has been performed until now. cMR-FT reproducibility in our study was consistent with
other reports(118-120), ruling out methodological issues. Therefore in our opinion, the most

likely explanation of why STE allows more accurate estimates of strain than cMR-FT, is
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mainly due to the presence of physical markers (speckles) and much higher spatial and
temporal resolution(105). Indeed, STE evaluates speckle motion, while cMR-FT doesn’t
distinguish intramyocardial features, as the grey level distribution in cine SSFP images is
relatively homogenous. Finally, cMR-FT showed significantly lower strain value than STE.
This fact is in accordance with our previous works comparing STE to tagging(121) The most
likely explanation for this is that STE software provide more endocardial strain estimates
than cMR-FT software which provide mid-ventricular strain. Also, the lower frame rate of

FT-cMR could also explain lower strain values than STE(105).

The comparison of test-retest reproducibility of RV functional parameters is also novel. To
the best of our knowledge, our study is the first to directly compare test-retest variability of
RV echocardiographic and cMR parameters. Reproducibility of cMR-RVEF was similar to
earlier works(107). The main source of errors in evaluation of volumes by cMR Simpson’s
method are the demarcation of the basal slice near the atrioventricular valves and outflow
tracts, and the large motion of the base through the plane of the short axis (slice thickness are
typically 8-10 mm), giving rise to significant partial volume effects at the base and apex.
Because of its smaller wall thickness demarcation of the basal extent of the RV is more
challenging than for the LV(122), probably explaining the larger test-retest variability of
cMR-RVEF than cMR-LVEF. For echocardiographic assessment of RV systolic function,
current guidelines(17) recommend mainly the use of FAC and TAPSE. In our study these
parameters had excellent inter and intra-observer variability, but poor test-retest variability
compared to the other parameters studied. This is probably related to the fact that they are
not only strongly geometry dependent with difficulties reproducing similar views in repeat
studies, but also operator dependent. By contrast, in line with our observations for STE LV
analysis, STE-RV-GLS presented much more robust reproducibility. This is probably again
explained by automated analysis of STE benefitting from physical markers, but also
translates the fact that RV function is mainly dependent on longitudinal shortening.
Unexpectedly, however, cMR-FT-RV-GLS performed very poorly in terms of
reproducibility. This was probably because the FT tracking algorithm used track less well the
RV than the LV., Indeed, cMR-FT-RVGLS often failed to adequately track the base of the
RV especially in subjects with relatively vigorous annular motion or in presence of flow

artifacts.

77



CLINICAL IMPLICATIONS

We have demonstrated that STE deformation techniques were the most accurate
echocardiographic approach for detecting small changes in LV and RV function. For the LV,
they performed nearly as well as cMR, and for the RV they even surpassed the reproducibility
of cMR-RVEF. This suggests that these STE techniques could be used clinically to reliably
follow patients for development of subclinical dysfunction in different conditions, for
example to monitor cardiotoxic effects of cancer therapy(123,124) or to detect afterload
mismatch in aortic stenosis(125). Obvious advantages of using STE over cMR are wider
availability and lower costs. Nevertheless, STE has potential limitations such as the need of
high quality image and the lack of uniformity in software algorithms(105) and intervendor
differences, despite efforts to standardize STE measurements(77).

The second clinical implication of our study applies to the design of clinical studies. Given
the high reproducibility and low variability, cMR is often used to reduce sample size(104) of
prospective studies evaluating changes in LV or RV function. Our study suggests that sample
sizes for studies may be nearly as low when using STE. This suggests that, when taking
precautions for uniformity of acquisitions and analysis, STE could also be useful for
evaluation of LV and RV systolic function in longitudinal studies with a potentially lower
costs than cMR. By contrast, we did not observe advantages of FT over conventional cMR,
for reproducibility of LV or RV function assessment. Therefore, we cannot currently
recommend these techniques to limit sample sizes in research studies. The reproducibility of
FT-cMR strains could be theoretically improved by higher temporal and spatial resolution,
either through parallel imaging or iterative reconstruction techniques. Nevertheless, with the
compromise of decreasing signal-to-noise ratio leading to more artefacts and consequently

to a less good tracking.

LIMITATIONS

Our study was limited by being single-center observational study of limited sample size.
Nevertheless, we had enough statistical power to detect small differences between different
cardiac techniques. Atrial fibrillation/flutter, acute heart failure and poor image quality were

exclusion criteria and therefore our study findings may not apply to these populations.
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Systolic cardiac function is load dependent, and all evaluations of cardiac deformations are
preload and afterload dependent, whether they are based on visualization of either wall
deformation (strain) or cavity deformation (ejection fraction). Importantly, systolic cardiac
function evaluates shortening and not contractility. In our study, we wanted to include the
physiological effects of variable loading conditions and evaluated true day-to-day variability
of the different cardiac imaging techniques rather than test-retest on the same day.
Hemodynamic conditions were stable with no significant difference in the heart rate and the
blood pressure between the 2 days since we included only stable euvolemic patients and we
performed the 2 acquisitions with a short delay. However, the evaluation of cardiac function
over a longer delay or in different population might result in larger physiological variations
of loading conditions and, consequently larger variability of ejection fraction. Additionally,
2D echocardiography may suffer from incomplete reproducibility of imaging planes,
foreshortening and through-plane motion. Indeed, 3D echocardiography may have better
reproducibility(21,126) and test-retest variability(112) by allowing more reproducible views
and less geometric assumptions. Nonetheless, this technique was not tested in our study since
its feasibility is still extremely dependent on high image quality, regular rhythm and patient
cooperation. Finally, STE and FT strain analysis were performed with one single vendor so

they may not apply to other software.

CONCLUSION

In head-to-head comparison with cMR, STE-LV and RV-GLS measurement showed high
test-retest reliability, perfuming more accurately with smaller detectable changes than other
echocardiographic measurements of LV and RV function. This suggests that these techniques
might be useful for longitudinal follow-up of LV and RV function. Furthermore, computed
sample sizes to demonstrate clinically significant changes of LV and RV function by these

approaches were low, permitting potential use for longitudinal follow-up in research studies.
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STRUCTURED ABSTRACT

Objectives

To compare the prognostic value of 2-dimensional (2D) right ventricular (RV) speckle
tracking (STE) against Cardiac Magnetic Resonance (¢cMR) RV ejection fraction (EF) and
feature tracking (FT) and conventional echocardiographic parameters on overall and

cardiovascular survival in patients with heart failure and reduced ejection fraction (HF-rEF).

Background
Prior works showed that RV systolic function predicts prognosis in HFTEF. 2D-RVSTE had

recently been proposed as new echocardiographic method to evaluate RV dysfunction.

Methods
266 patients with HF-rEF (mean LVEF 23+7%, age 60+14 years; 29% female) underwent
RV function assessment using cMR and 2D echocardiography and were followed for a

primary endpoint of overall death and secondary endpoint of CV death.

Results

Average cMR-RVEF was 42%+15%, average STE-RVGLS was -18.0% +4.9% average
cMR-FT-RVGLS was -11.844.3%). After a median follow-up of 4.7 years, 102 patients died,
84 of CV cause. RVEF, FT-RVGLS, TAPSE, FAC and STE-RVGLS were significant
univariate predictors of overall and cardiac death. In multivariate cox regression, age,
ischemic etiology, diabetes, NYHA class III-IV, and beta blocker treatment were
independent clinical predictors of overall mortality. cMR-RVEF (y2 to enter=3.9, p<0.05),
FT-RVGLS (x2 to enter 3.7, p=0.05), FAC (2 to enter 6.2, p=0.02), and TAPSE (2 to
enter=4.9, p=0.04) provided additional prognostic value over these baseline parameters, but
the additional predictive value of STE-RVGLS (y2 to enter=10.8, p<0.001) was significantly
(p<0.05) higher than the other tests. Additional Hazard ratio [95% confidence interval] to
predict overall mortality was 2.5 [1.6;3.9] for STE-RVGLS<-19%, 2.15 [1.34-3.43] for
TAPSE>15 mm. 1.6 [1.02-2.49] for FAC>39% and 1.93 [1.25-2.99] for RVEF>41% and
1.87[1.10-3.19] for cMR-FT-RVGLS<-15%
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Conclusion

2D RVGLS provides strong additional prognostic value to predict overall and cardiovascular
mortality in HF-rEF, with higher predictive value than cMR-RVEF, cMR-FT-RVGLS,
TAPSE or FAC. This supports use of STE-RVGLS to identify higher risk HFTEF patients.
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INTRODUCTION

Right ventricular (RV) systolic dysfunction has been recognized as an important predictor of
outcome in heart failure (HF) (79,83,90,127,128). While cardiac magnetic resonance (cMR)
derived RV ejection fraction (EF) is currently considered the gold standard technique for RV
evaluation, echocardiography is more readily available in daily practice. Yet, accurate
echocardiographic assessment of RV function remains challenging. Indeed, because of the
complex shape of the RV there is actually no single RV echocardiographic parameter
universally accepted for assessment of global right ventricular systolic function. Due to less
angle dependency than conventional RV parameters(129), two-dimensional Speckle tracking
echocardiography (2D STE) derived-RV myocardial global (RVLS) and free wall
longitudinal strain (RVFWLS) have recently been proposed to evaluate RV dysfunction(62).
However, so far no study has evaluated whether the prognostic value of these new approaches
equals cMR derived RVEF to identify HF patients at higher risk of mortality.

Therefore, the aim of this study was to estimate the prognostic significance of 2DSTE-
RVGLS and FWLS,; in patients with heart failure and reduced ejection fraction (HF-rEF) in
direct comparison to cMR RVEF and Feature tracking (FT) and to conventional
echocardiographic parameters such as TAPSE and FAC. Accordingly, we prospectively
studied 266 patients with HFrEF using Cox survival analysis to assess the independent
additional prognostic value of 2DSTE vs RVEF-cMR to predict overall and cardiovascular

survival over baseline clinical and echocardiographic data.
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METHODS

Study population

From a prospective registry, we identified consecutive patients with LVEF < 35% who
underwent cMR between 2002 and 2015 in our institution. Inclusion criteria were stable
chronic heart failure patients in sinus rhythm and available transthoracic echocardiography
(TTE) within 40 days of cMR. Exclusion criteria were image quality precluding RV strain
analysis, hemodynamic instability, atrial fibrillation or flutter, moderate and severe primary
valve disease. Secondary cardiomyopathies and cardiotoxic chemotherapy, severe chronic
kidney disease defined as a Modification of Diet in Renal Disease formula (MDRD) <30
ml/min/1.73 m2 and patients with life expectancy <1 year due to other comorbidities were
also excluded. 266 patients satisfied the inclusion criteria (Figure 1) and constituted the final

study population. The study protocol was approved by the IRB of the institution.

HF-rEF patients (LVEF<35)
undergoing cMR
n=443

— 91 dedicated RV echo images missing

— 47 poor image quality

_, 32 AF at the time of
echocardiography
—> 7 MDRD< 30ml/min/1.73m2

y

Final study population
n=266

Figure 1 Flowchart of patient inclusion. Flowchart of patient inclusion and exclusion
criteria. HF-rEF indicates Heart failure reduced ejection fraction; AF, atrial fibrillation;
MDRD, Modification of Diet in Renal Disease
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Clinical Data

Patient’s medical history and treatment were prospectively recorded. Other information was
retrieved from medical files and from review of hospital records. The etiology of heart failure
was considered ischemic or non-ischemic on the basis of documented prior myocardial

infarction or angiographically proven coronary artery disease according to Felker et al(130).

Transthoracic Echocardiography

Standardized complete TTE exams acquired according to established guidelines using Sonus
7500 or iE33 ultrasound systems (Philips Medical Systems, Andover, MA, United States)
equipped with a 3.5/1.75-MHz phased-array transducer and stored on a XCELERA 2.1 PACS
server were analyzed off-line by a single observer (LH) blinded to follow-up clinical and
cMR data. TAPSE and FAC were measured according to established guidelines on 4 chamber
views oriented to the RV. Estimated pulmonary systolic artery pressure (eSPAP) was
calculated based on the Bernouilli simplified equation on continuous wave Doppler imaging
of tricuspid regurgitation maximum jet velocity. Pulmonary hypertension was considered
when eSPAP was >40 mmHg. LV and RV strains were computed using 2D-STE Tomtec
software (4.6 version, Tomtec Unterschleissheim, Germany). Endocardial borders of the RV
and LV were automatically tracked throughout the cardiac cycle by the software, with manual
corrections if necessary. Images with poor quality tracking were excluded. LV peak global
longitudinal strain (GLS) was computed by averaging four and two chambers view. For the
RV we evaluated both peak systolic global RV longitudinal strain (RVGLS) and peak systolic
free wall longitudinal strain (RV FWLS). The average frame rate of the clips for RV and LV

strain analysis was 47+11 frame rates per second.

Cardiac Magnetic Resonance

cMR studies were acquired using a 1.5T or 3T systems (Intera CV and Achieva, Philips
Medical Systems, Best, the Netherlands) as described before (131). Briefly, 10-12

consecutive short axis images covering the entire left ventricle, and respectively one 2- 3-

and 4 chambers long-axis cine SSFP images were acquired for assessment of myocardial
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function. 10-15 minutes after injection of 0.2 mmol/kg gadolinium based contrast, identical
prescriptions of short- and long-axis slices were acquired using a 2D- or 3D inversion
recovery sequence allowing for the assessment of myocardial viability.

CMR studies were analyzed using the freely available software Segment version 2.2

(http://segment.heiberg.se) (106) by one experienced observer (BG). Right and left

ventricular volumes and EF were computed from the short-axis cine images by semi-
automatically tracing the endo- and epicardial contours in the end-diastolic (ED) and end-
systolic (ES) phases. Values were indexed to the body surface area. Presence and extent of
late gadolinium enhancement (LGE) was evaluated visually and quantified with a semi-
automated algorithm, as previously reported(131). FT-RVGLS was performed using the

same Segment software in 4 chamber cine view,

Follow-up

Patients were prospectively followed until April 2017 by phone contact with the patients,
their relatives, or their physician. All deaths were recorded and categorized as cardiac or
noncardiac. Cardiac death was defined as death attributable to congestive heart failure (i.e.
death preceded by acute worsening or exacerbation of heart failure) myocardial infarction,
sudden death (i.e. unexpected, unwitnessed, or witnessed death in absence of other apparent
causes) or occurring after cardiac revascularization. The primary endpoint was overall
death. The secondary endpoint was cardiovascular (CV) death. Since time to heart
transplantation is not only determined by the patient status, but also by organ availability,
heart transplantation was not considered an event, but patients were censored at the date of

the procedure.

Statistical analysis.

Statistical analyses were performed using R software (version 3.3.2). All tests were 2 sided
and p value <0.05 was considered statistically significant. Continuous variables were
expressed as mean + one standard deviation (SD), categorical variables as counts and

percentages. Hazard Ratios (HR) were expressed as mean and 95% confidence intervals (CI).
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Interobserver and intraobserver reproducibility of measurement of RV function was
evaluated in 15 randomly selected patients using intraclass correlation coefficient (ICC) and
Bland-Altman analysis with computation within-subject coefficient of variation. Our study
had 90% power with 0=0.05 to detect a twofold increase of hazard of death (ie 60% vs 78%
survival at 5 years) in low vs high median of RV function. Continuous and categorical
variables of baseline characteristics of patients were compared among tertiles of RVGLS
using ANOVA or y2 test respectively. The correlation between CMR-derived RVEF vs
echocardiographic measures of RV function was examined using Pearson’s correlation
coefficient. To determine independent predictor of the primary endpoint, uni and multivariate
Cox proportional hazard models were used. For the secondary endpoint we used a
proportional subdistribution hazards’ regression model accounting for competing risk (crr
function in cmprsk package).All clinical, echocardiographic and MR parameters were
proposed for inclusion in the univariate model. Then a stepwise backward model including
all significant (p<0.10) univariate clinical correlates of survival was used to construct a
clinical baseline model predicting either overall or cardiovascular survival. To assess the
potential additive prognostic value of RVGLS and the others RV parameters we evaluated
the ability of all the RV parameters to improve the prediction of death from this baseline
model by comparing the additional increase of chi square of the combined model over the
baseline model. Finally we determined the cutoff values of RVEF, RVGLS, FAC and TAPSE
by the highest hazard ratios to predict survival, and computed Kaplan-Meyer survival graphs
adjusted for baseline covariates as well as incremental y2 values over baseline model. Models

were compared using likelihood tests.

RESULTS

Baseline characteristics of patients

Median delay between cMR and echo was 7 (IQR 1-15) days. FT-cMR was not feasible in
16 patients because of poor tracking. The mean age of HF patients were 60+14 years and
71% were male. Etiology of heart failure was ischemic in 51% of patients and 56% were in
New York Heart association (NYHA) class III or IV. Mean LV-EF was 23+7%. Table 1
shows characteristics of the study population according to tertiles of STE-RVGLS.
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Total population Tertile 1 RV Tertile 2 RV

Tertile 3 RV

(n=266) GLS(n=89) GLS (n=88) GLS (n=89) L ~value
Clinical Characteristics
Age (years) 60+ 14 60+ 15 62+ 14 59+ 13 0.37
Women (n. %) 78 (29%) 28 (31%) 24 (27%) 26 (29%) 0.85
ICM (n, %) 135 (51%) 53(60%) 43 (49%)  39(44%)  0.088
BMI (kg/m?) 26+5 25+4 26+5 26+5 0.55
BSA (m?) 1.84 £ 0.21 1.82+0.2 1.85+0.2 1.85+0.2 0.79
MAP (mmHg) 86+ 13 87+ 13 85+ 13 85+ 13 0.52
Heart rate(bpm) 80+ 19 73+ 19 80+ 16 87+ 19 <0.001
NYHAIILIV (n. %) 146 (55%) 2327%)  S4(61%) 68(76%)  <0.001
Comorbidities
HTA (n. %) 121(46%) 45(51%)  42(48%)  34(38%) 0.4
Diabetes Mellitus (n. %) 63 (24%) 14 (16%) 19 (22%) 28 (33%) 0.12
Ever smoker (n. %) 164(62%) 48 (54%)  52(59%) 64(72%)  0.09
HistMI (n. %) 105 (39%) 39(44%)  346(41%)  30(33%) 037
HistPCI (n. %) 39 (15%) 15 (17%) 16 (18%) 8 (9%) 0.19
HistCABG (n. %) 13 (5%) 3 (3%) 7 (8%) 3(3%) 0.56
Blood results
MDRD (ml/min/1.73m?) 71+22 76 + 26 68 +20 68+ 18 0.033
Sodium (mg/dl) 138 +4 138+ 3 138 +4 137+5 0.007
Hemoglobin(g/dl) 12.24+1.8 133£14  133+18 13.6£2.12 027
Medication. n (%)
Aspirine 182(68%) 62(70%) 61(69%) 59(66%) 0.8
ACE/ARB 262 (98%) 88 (99%) 88 (100%) 86 (97%) 17
Beta blockers 238(89%) 78(88%) 78(89%) 82(92%) 0.62
Digitale 7(3%) 2 (2%) 3 (4%) 2(2%) 0.86
Aldosterone blockers 192 (72%) 52(58%) 66 (75%) 74(83%) <0.001
Diuretics 182 (68%) 44(49%) 66(75%) 72(81%) <0.001
Statin 139(52%) 47(53%) 52(59%) 40(45%) 0.24
Antiarrythmic drugs 41(15%) 13(15%) 11(13%) 17(19%) 0.34
Echocardiographic measurements
STE-RV-GLS(%) [18.0+49 2342 1842 1242 ?y.
esign
STE-RV-FWLS(%) -18.7+6.6 25+5 -18+4 -13+4 <0.001
TAPSE(mm) 18+5 21+4 18+4 16+4 <0.001
RV-FAC( %) 37+12 46+ 9 36+9 28+ 10 <0.001
eSPAP(mmHg) 34+11 28+9 36+ 11 36+ 12 <0.001
eSPAPS>40mm Hg 62(23%) 10(11%) 20 (23%) 32 (36%) <0.001
E/A ratio 1.5+1.0 1.2+1.25 1.6+0.9 1.95+0.85 <0.001
E/e’ ratio 19+ 14 14+ 8 19+9 22+ 14 <0.001
Moderate/severe TR (n.%) 26(10%) 1(1%) 8(9%) 17(19%)  <0.001

91



LV GLS(%) -10.5+3.3 -12+3 -11+£3 -9+ 3 <0.001

cMR measurements

LV-EDVi (ml/m?) 155+ 49 143+ 37 159 +57 164+ 49 0.009
LV-ESVi (ml/m?) 121 +47 106 + 34 125 £52 134+48  0.0001
LV-EF (%) 23+7 27+6 23+7 19+7 <0.001
RV-EDVi (ml/m?) 86 +33 69 + 18 89 +£32 100+38  <0.001
RV-ESVi (ml/m?) 53+33 33+15 57+ 30 710+ 37 <0.001
RV-EF (%) 42+ 15 54 +11 38+ 12 32+13 <0.001
RV-EF>45% (n. %) 110(41%) 72 (81%) 25 (28%) 13(15%)  <0.001
FT-RVGLS -11.844.3 -14.1+4.3 -11.8+4.2 -9.7+£3.3 <0.001

LV Scar (n. %) 156(59%) 52(58%) 56(64%) 48(54%) 0.43

Scar burden (%) 8+9 10+ 10 9+ 10 6+ 7 0.57

Table 1 Clinical characteristics of HF-rEF patients according to tertiles of RV GLS Across-
group P value is for the difference across the tertiles of RVGLS(lower, middle and upper
tertiles) by the Anova test.

ACEI/ARB: angiotensin converting enzyme inhibitor/angiotensin receptor blocker; BMI:
body mass index; BSA: body surface area; CABG: coronary artery bypass graft; EDVi:
indexed end-diastolic ventricular volume; ESVi: indexed end-systolic ventricular volume;
EF: gjection fraction; eSPAP: estimated systolic pulmonary artery pressure; FAC: fractional
area change; FWLSL: free-wall longitudinal strain; GLS: global longitudinal strain; Hist:
History of; HTA: arterial hypertension; ICM: ischemic cardiomyopathy; LV: left ventricular;
MI: myocardial infarction; MAP: mean arterial pressure; MDRD: Modification of Diet in
Renal Disease formula; MR: mitral regurgitation; PCI: percutaneous coronary intervention;
RV: right ventricular; TASPE: Tricuspid annular plane systolic excursion; TR: tricuspid
regurgitation;

There were no significant differences in age or sex between the tertiles. By contrast, patients
with a more impaired RV strain had a higher resting heart rate, more advanced NYHA class,
higher diuretic and aldosterone blocking drug use, lower LVEF, higher indexed LV
ventricular volumes, estimated systolic pulmonary artery pressure (eSPAP), E/a ratio and
more severe tricuspid regurgitation than those with less altered systolic RV strain. Also,
CMR-derived RV volumes and FT-RVGLS were higher, while RVEF, TAPSE and FAC
were significantly lower in patients with the most depressed STE-RVGLS.
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Correlation of RV function by echocardiography vs cMR

Table 2 shows correlation of RV functional parameters by echocardiography vs cMR RVEF.
All RV echocardiographic parameters correlated significantly (r between 0.60 and 0.65) with
CMR-derived RVEF. Surprisingly, cMR FT-RVGLS correlated however only moderately
with cMR-RVEEF (r=0.45, p<0.001) and with STE-RVGLS (r=0.47, p<0.001). A moderate
correlation between CMR-derived RVEF and LVEF was also observed (r=0.55 p<0,001)
whereas the correlation with LV-GLS (r=-0.34; p<0.001) was weak. Finally, STE-RVFWLS
and STE-RVGLS were highly correlated among each other (0.85, p<0.001), but average
STE-RVFWLS was significantly greater than STE-RVGLS.

Pearson’s p value

correlation (R)

RV-FAC 0.65 <0.001
TAPSE 0.62 <0.001
STE-RV-GLS -0.62 <0.001
STE-RV-FWLS -0.57 <0.001
c¢cMR-LVEF 0.55 <0.001
LV-GLS 0.34 <0.001

Table 2 Pearson’s linear correlations of parameters with CMR derived RVEF.
Abbreviations as in table 1.
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Events at Follow-up

Follow-up was 100% complete for a median duration of 4.7 years. During follow-up 102
patients died, 84 of cardiovascular causes: 3 postoperatively, 38 suddenly, 3 of stroke, 7 of
cardiogenic shock, and 33 of heart failure. 18 patients died of non-cardiac causes (10 cancers,
2 Alzheimer, 5 sepsis, | COPD). 21 patients underwent heart transplantations and were
censored. Accordingly, 102 patients reached the primary endpoint of all-cause death and 84
the secondary endpoint of CV death.

Predictors of overall and CV survival

Table 3 shows the univariate cox regression analysis for the primary endpoint of overall
survival. Age, ischemic etiology, diabetes, NYHA functional class III or IV, estimated
systolic pulmonary artery pressure (eSPAP)> 40mmHg, STE and FT-RVGLS, RVFW, RV-
FAC, TAPSE, E/A and E/¢ ratio, MDRD, beta blocker treatment and cMR-derived RV
indexed volumes and RVEF were associated with overall mortality. LV-GLS and cMR-LGE
presence or scar burden >2% were associated with mortality. However LV-EF was not

predictive of either overall or cardiovascular mortality in univariate analysis.
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Alive Dead

N=164 N=102 HR (95% CI) P-value
Clinical characteristics
Age(years) 56+ 10 66+ 11 1.52[1.03;1,07] <0.001
Women (n,%) 54 (33%) 24 (24%) 0.66[0.41;1.04] 0.07
ICM (n,%) 60 (36%) 73 (73%) 2.2[1.42;3.46] <0.001
HTA (n,%) 66 (40%) 55 (54%) 1.39[0.95;2.06] 0.09
Diabetes Mellitus (n,%) 25 (15%) 38 (37%) 2.19[1.46;3.28] <0.001
NYHA II-IV (n,%) 84 (51%) 62 (61%) 1.56[1.05;2.33] 0.03
Medications (n,%)
Aspirin 98 (60%) 83 (82%) 1.87[1.12;3.118] 0.02
Beta-blockers 153 (93%) 85 (83%) 0.48[0.29;0.82] 0.006
Diuretics 107 (65%) 75 (74%) 1.7111.10;2.671 0.02
Laboratory test
MDRD (ml/kg/1.73m?) 74 +23 66+ 19 0.98[0.97;0.991 <0.001
Echocardiographic measurements
LV-GLS (%) -11+3 -10+3 1.06[0.99;1.13] 0.05
STE-RV-GLS (%) -18+5 -17+5 1.06[1.1;1.11] 0.002
STE-RV-FWLS (%) -19+7 -18+6 1.06[1.02;1.09] 0.001
TAPSE (mm) 19+4 18+5 0.95[0.91;0.99] 0.011
RV-FAC (%) 37+12 36+ 11 0.985[0.96;0.99] 0.021
eSPAP>40mmHg 32 (18%) 30 (36%) 1.81[1.19;2.04] 0.005
E/a ratio 1.5+1.1 1.6+0.8 1.36[1.12;1.67] 0.002
E/e’ 18+8 20+10 1.03 [1.01;1.06] 0.012
c¢MR measurements
RV-EVDi (ml/m?) 84+3 89+33 1.007[1.001;1.014] 0.01
RV-ESVi (ml/m?) 52+33 56+32 1.008[1.002;1.015] 0.005
RV-EF (%) 42+15 41+16 0.98[0.97;0.99] 0.03
FT-RVGLS (%) -12.0+4.1 11.7+4.5 1.06 [1.01;1.11] 0.015
LV-EF (%) 23+7 23+7 0.98[0.9;1.01] 0.16
Presence of LV scar (n. %) 83 (51%) 73 (72%) 1.578[1.02;2.4] 0.04
Scar burden > 2% 71 (43%) 71 (70%) 1.84[1.2;2.8] 0.004

Table 3 Univariate predictors of overall death. All parameters were tested, but only
parameters with p<0.10 were reported. CI: Confidence Interval; HR: Hazard Ratio. All
other abbreviations as in table.

Multivariate models for overall and cardiovascular survival are shown in Tables 4 and 5,
respectively. Age, ischemic cardiomyopathy, diabetes, NYHA class > II and betablocker
treatment were independent predictors of overall death. CV death was predicted by the same
parameters and, in addition, eSPAP>40 mmHg and MRDR. Baseline models using these
parameters were constructed to predict overall and CV death. cMR-RVEF, FT-RVGLS,
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STE-RVGLS, RV-FWLS andRV-FAC were found to have significant additional prognostic

value for overall and cardiovascular mortality over these baseline models.

Parameter Partial HR X2 P value

Age 1.05[1.03;1.07] 24.2 <.0001

Ischemic .

Etiology 1.85[1.17;2.93] 6.9 .008

Diabetes 1.95[1.29;2.96] 9.9 .002

NYHA

class IILIV 1.75[1.16;2.64] 7.0 .008

E/etabl"d‘er 0.51[0.30;0.86] 6.4 011

Combined Baseline model 58.2 <0.001

X2 to

Parameter improve Partial HR P
c¢cMR-RVEF 39 0.98[0.97;1.00] 0.05
c¢cMR-FT-RVGLS 3.7 1.05[0.99;1.10] 0.05
STE-RVGLS* 10.8 1.08[1.03;1.13] <0.001
STE-RVFWLSY 9.3 1.06[1.02;1.10] 0.002
RV-FAC 6.2 0.97[0.96;0.99] 0.02
TAPSE 4.1 0.95[0.91;0.99] 0.04

Table 4 Multivariate Cox analysis for prediction of overall death
*p<0.05 vs FAC, TAPSE and cMR-RVEF, 9 p<0.05 vs TAPSE and cMR-RVEF
Abbreviations as in Tablel.
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Parameter Partial HR X2 P

value

Age 1.03 [1.01;1.06] 10.5 <0.007

Ischemic Etiology 2.52[1.53;4.18] 10.1 <0.001

Diabetes 1.52[0.97;2.41] 4.8 .07

NYHA class II-IV 1.62[1.01;2.61] 4.5 .05

Betablocker R/ 0.41[0.23;0.73] 8.2 .002

eSPAPs>40 mmHg  1.80[1.14;2.82] 5.4 .01

MDRD 0.99[1.01;1.00] 3.1 .05

Combined Baseline model 56.9 <0.001

X2to

Parameter improve Partial HR p
c¢MR-RVEF 42 0.98[0.97 ;0.99] 0.0394
cMR-FT-RVGLS 7.5 1.09 [1.04 ;1.14] <0.001
STE-RVGLS* 10.6 1.09[1.03 ;1.15] 0.001
STE RVFWLSY 8.4 1.06[1.02 ;1.10] 0.001
RV-FAC 6.9 0.97[0.95 ;0.99] 0.001
TAPSE 1.3 0.97[0.93 ;1.01] 0.18

Table 5 Multivariate subdistribribution hazard model for prediction of cardiovascular death
corrected for subdivision

*p<0.05 vs FAC, TAPSE and cMR-RVEF, q p<0.05 vs TAPSE and cMR-RVEF
Abbreviations as in Table 1.

TAPSE was found to only provide additional value for overall, but not for cardiovascular
mortality. The predictive value of RV-GLS and RV-FWLS was similarly good (p=NS), and
significantly (p<<0.001) higher than of cMR RVEF and FT-RVGLS. By contrast, cMR-LVEF
did not have additional prognostic value for overall (X2 to improve=1.78, p=0.18) or
cardiovascular mortality (X2 to improve 1.6, p=0.19). LVGLS had incremental value for
cardiovascular (X2 to improve 6.3, HR 1.10[1.03 ;1.19], p=0.008) but not overall mortality
(X2 to improve 0.4, p=0.51). Also, since LGE presence or scar burden >2% was highly
correlated with ischemic etiology (kappa=0.64, p<0.001), they did not have additional
prognostic value over baseline models for either endpoints. Optimal cutoff values of RV
parameters yielding the highest additional HR for overall survival were 41% for RVEF 41%,
39% for RV-FAC 39%, 15 mm for RV-TAPSE 15 mm, -15% for FT-RVGLS and -19% for
RV-GLS and RVFWLS. Figure 2 shows Kaplan Meier survival graphs for adjusted overall
and CV mortality stratified by these cutoff values. It clearly demonstrates that both overall
and cardiovascular survival significantly declined with worsening RV function irrespective

of the method used.
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Figure 2 Kaplan-Meyer Event-Free Survival curves for cardiac magnetic resonance (cMR)
parameters.

Kaplan-Meyer event-free Kaplan Meyer adjusted overall and cardiovascular survival
stratified by optimized cutoff value of RVEF<41% and cMR-FT RVGLS<15%..
Adjustments were made for age, ischemic etiology, NYHA class, Diabetes, betablocker
treatment, pulmonary hypertension and MDRD
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Figure 2 Kaplan-Meyer Event-Free Survival curves for echocardiography parameters.
Kaplan-Meyer event-free Kaplan Meyer adjusted overall and cardiovascular survival
stratified by optimized cutoff value of TAPSE<15 mm , FAC<39% and RV-GLS<19% .
Adjustments were made for age, ischemic etiology, NYHA class, Diabetes, betablocker
treatment, pulmonary hypertension and MDRD
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Chi Square Statistics
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Figure 3 compares the additional y2 statistic value of different RV parameters by cMR and
echocardiography to increase predictive value for overall and cardiovascular survival while

Figure 4 shows the additional hazard ratio of these tests.
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Figure 3 Chi square statistic of Models.
Chi square statistic of baseline model for overall (white) and cardiovascular (grey) mortality
andof different RV functional tests stratified by optimized cutoff value to predict overall and
cardiovascular mortality over baseline parameters. Values indicate the additional Chi square
of the different models. * indicates p<0.05 vs other tests # indicates p<0.05 vs FAC, q
indicates p<0.05 vs RVGLS vs RVWEFS. Statistical comparisons by likelihood ratio tests.
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A All Cause Survival
Adj. Hazard Ratio [95% CI]

RVGLS 2-19% P —e— 2.5 [1.59-3.92]
RWFWS >-19% P —e— 2.20[1.14-3.45]
Echo 5
TAPSE <15 mm P —— 2.15[1.35-3.43]
FAC 39% —o— 1.6 [1.02-2.49]
FT-RVGLS 2-15% H—o—— 1.87 [110-319]
CMR :
RVEF <41% P —e— 1.93 [1.25-2.99]
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Adj. Hazard Ratio [95% ClI]
RVGLS >-19% i —e——  333[1.95-5.55]
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Figure 4 Additional Hazard ratios

Adjusted additional Hazard ratios of different right ventricular parameters to predict
a) overall b) cardiovascular survival over baseline clinical parameters.
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RVEF>41%, FT-RVGLS<-15 %, TAPSE>15 mm and FAC>39% significantly improved
prediction of overall and cardiovascular mortality over baseline clinical variables to similar
amounts. However RVGLS<-19% had the highest incremental predictive value and provided
the highest increase in hazard ratio for both overall and CV mortality. Notably, the
incremental value of RVGLS was significantly higher than that of RVFWLS for overall
mortality.

Reproducibility of RVLS measurements

Reproducibility of RV measurements is shown in Table 6. All measurements had good intra-

and interobserver reproducibility.

Intra-observer Reproducibility Inter-observer Reproducibility
CV [95% CI] ICC CV [95% CI] ICC
c¢MR RV-EF 13.1% [3.4;18.3] 0.96 11.3% [6.5;14.7] 0.94
TAPSE 4.7% [3.3;5.8] 0.98 18.3% [5.7;25.3] 0.82
RV-FAC 7.3% [2.7;10] 0.91 13.8% [9.8;16.9] 0.76
STE-RVGLS 3.6% [2.0;4.8] 0.98 9.6% [6.3;12.0] 0.86
STE-RVFWLS  13.9% [10.4;16.8] 0.80 15.6% [9.0;20.1] 0.82

Table 6 Reproducibility of measurements

CI: confidence interval; CV: coefficient of variation; ICC: Intra-class correlation
coefficient. Other Abbreviations as table 1.
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DISCUSSION

The principal findings of our study were:

1) RV dysfunction assessed either by cMR or echocardiography, predicts overall and
cardiovascular survival with significant additional value over baseline clinical parameters
such as age, NYHA class, ischemic etiology, betablocker treatment, renal function and
eSPAP.

2) RVGLS and RVFWLS were strongly correlated, but RVGLS had slightly better predictive
value than RVFWLS.

3) Most importantly, the predictive value of echocardiography derived 2DSTE-RV GLS was
superior to CMR-derived RVEF, FT-RVGLS, TAPSE and FAC for both overall and CV
mortality.

Prognosis of HFrEF and the importance of RV function

Heart failure (HF) is associated with significant morbidity and mortality. However individual
patients may have highly variable prognosis. Therefore, it is important to identify patients at
higher risk for mortality who might benefit from more intensive monitoring and therapy.
Several prognostic markers of death and/or HF hospitalization have been identified and
various clinical risk scores have been proposed in patients with HF-rEF(132,133). Our
present study not only confirmed the role of several of these previously described risk factors,
in particular age, NYHA class, renal function and pulmonary hypertension, but also
demonstrated significant additional prognostic value of RV dysfunction over and above these
well-known clinical parameters both in ischemic or non-ischemic HFrEF patients.
Importantly, the additional prognostic value of all the RV parameters was significantly higher
and independent of LV systolic functional parameters, which lose their prognostic value in
these HF-rEF patients with severely depressed LV function because of the tight range of
LVEF and LVGLS values in these patients.

This is consistent with several recent studies demonstrating that RV dysfunction assessed
using different techniques such as echocardiography (79,85,134), radionuclide
ventriculography(127,128,135,136), right heart catheterization (137) and CMR (83,84) is a
key determinant of outcome in HFrEF patients. Indeed, in HFrEF, RV dysfunction can be

103



caused from several mechanisms such as postcapillary pulmonary hypertension, RV
myocardial ischemia, ventricular interdependence due to septal dysfunction. It may also
represent a common disease process affecting cardiomyocytes in both ventricles(137,138).
RV dysfunction is thus likely not only a marker of more severe LV disease and higher
pulmonary pressures, but also directly contributes to less efficient cardiac performance, more

severe exercise intolerance and heart failure.

Assessment of RV function by echocardiography

Despite its importance, the complex geometrical anatomy of the RV makes the assessment
of RV systolic function by cardiac imaging techniques difficult. Initial works to evaluate RV
function relied on radionuclear angiography, but CMR has emerged as the gold standard for
RV function. Indeed, CMR is ideally suited for the assessment of the RV because it allows
high-resolution time-resolved visualization of the complex anatomical shape of the right
ventricle in different directions. However, it has limited availability and high costs.
Echocardiography is more widely used for clinical assessment of patients with heart failure,
and would be better suited for HFrEF risk stratification. Yet, echocardiography has certain
limitations for the assessment of RV systolic function in particular due to the to the complex
RV shape, and restricted RV echo-windows. Hence no optimal parameter for RV functional
measurements by echocardiography has been identified. Indeed, 2D-echo-derived RV
ejection fraction and volumes were found to be poorly reliable and are currently not
recommended for clinical use or standard reference in research. TAPSE has been proposed
as a simple measurement of longitudinal function but may not accurately reflect global RV
function. Nevertheless, it has the important advantage of being easily measurable even when
image quality is poor. RV FAC may better reflect RV function but dependents on image
plane, requiring complete visualization of the entire RV structure. Also, it was found to have
high inter- and intraobserver variability and poor performance when endocardial definition
is suboptimal. In prior works, the evidence for both FAC and TAPSE as predictive parameter
was conflicting(134). In our study, however, both TAPSE and FAC were significantly
correlated to cMR-derived RVEF. While FAC was talented to predict overall and
cardiovascular outcome, TAPSE was not found to predict cardiovascular mortality over

baseline parameters.
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More recently 2D-STE has been proposed as better method for evaluation of RV function by
echocardiography(139). It has the advantage of being an automated user-independent
parameter, which may more accurately reflect RV function than FAC or TAPSE. Indeed,
several studies demonstrated that 2D RV strain has prognostic value in HF (64,140-142).
However, most of these studies did not evaluate the additional prognostic value over clinical
and echocardiographic parameters(64,140-143) or against cMR RVEF. Importantly, we
demonstrated that both 2D RVGLS and FWLS were the most reliable echocardiographic
measures of RV function, surpassing FAC and TAPSE for predicting overall and
cardiovascular mortality. Surprisingly, STE-RVGLS was also superior to cMR-FT-RVGLS.
This might be explained by differences in software, less temporal resolution for FT-cMR
than for STE and the fact that FT does not rely on anatomical speckles to track. An important
debate in RV strain methodology is whether GLS or FW should be evaluated. The majority
of studies evaluated the prognostic value of RVFWLS, based on the fact that the
intraventricular septum (IVS) is a constituent part of the LV, and that RVFWLS would thus
more closely evaluate RV function than RVGLS. In favor of this, Cameli and al. (144)
showed that RVFWLS had the highest diagnostic accuracy to predict a depressed RV stroke
work index in a simultaneous echocardiographic-catheterization study. Conversely, through
the IVS, the LV contributes 20-40% to RV systolic pressure(145), and canine studies
demonstrated that the inactivation of the IVS leads to a significant decrease in right
ventricular function and that the reduction of RVFWLS function does not affect RVEF in the
presence of a preserved IVS(146). In our study RVGLS and FW were strongly correlated,
but RVGLS had a slightly better reproducibility and higher predictive value for overall
mortality than RVFWLS. This contrasts with findings in isolated pulmonary
hypertension(147) and probably reflects the more important role of LV-RV interaction in
HFrEF than in isolated pulmonary hypertension.

Importantly both 2D RVGLS and RVFWLS were found to have even higher prognostic value
for overall and cardiovascular mortality than CMR-derived RVEF and FT-RVGLS.
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CLINICAL IMPLICATIONS

Our study suggests that RV assessment should be part of the comprehensive evaluation and
stratification of HFTEF patients in order to identify patients at higher risk for bad outcome.
More importantly our study strengthens and expands previous studies by showing that RV-
GLS by echocardiography may provide similarly or even better risk prognostic value than
cMR derived RVEF with high intra and interobserver reproducibility. This simple
echocardiographic measurement, which can easily be performed at bed site, could thus avoid
less accessible and more costly cMR exams for risk stratification. Although RV-GLS was
the best echocardiography method for prognosis, the fact that other RV parameters had also
good predictive value, suggests that in clinical practice, simpler parameters such as TAPSE

could be suitable alternatives when the image is too poor for RV strain analysis.

LIMITATIONS

Although our study was a large cohort of homogenous and consecutive patients with short
interval between echocardiography and cMR, it is limited by being a single center
retrospective observational study of patients referred to cMR for evaluation of cardiac
function, with a potential referral reference bias and by the fact that both tests were not
performed simultaneously. We excluded 13% of patients due to poor image quality
precluding strain analysis. Indeed, a significant limitation of RV strain remains the need for
high quality images and frame rate dependency as well as limited standardization and
intervendor variability with wide range of normal value. In prospective design higher frame
rate and better image quality would certainly be obtained. We also excluded subjects with
comorbidities such as atrial fibrillation and severe chronic kidney disease (CKD) at the time
of examination, which are strongly associated with mortality in these patients and therefore
our study findings may not apply to this populations. Also, FT and STE Strain analysis were
performed with two different vendor- software and specific cut off values reported in this
study may not apply to other software or other populations. Also, we assessed only the
longitudinal function of the RV by 2D strain, since longitudinal shortening, rather than
circumferential deformation, determines RVEF. Despite the fact that RV radial shortening

plays also a role to the overall RVEF, radial strain is difficult to measure especially in the
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thin-walled RV and the reproducibility is extremely low (148). Finally, brain natriuretic
peptide, right-sided index of myocardial performance (RIMP) and peak tissue Doppler
systolic velocity (S’wave) were not available for the entire study and could not be evaluated

in models of outcome prediction.

CONCLUSION

Our study clearly establishes that 2STE-RV strain is a strong independent predictor of overall
and cardiovascular mortality, providing additional prognostic value over clinical parameters
in patients with HFrEF. Importantly, both 2STE-RV GLS and FWS were found to have
higher predictive value than cMR RV-EF, RV-FTRVGLS, FAC and TAPSE. This supports
systematic evaluation of right ventricular function by 2DST for risk stratification in HFrEF

patients.
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CLINICAL PERSPECTIVES

Competency in Medical Knowledge

In this retrospective study, comparing cMR and echocardiography, right ventricular
dysfunction was found to be a strong independent predictor of overall and cardiovascular
mortality in patients with HFrEF. The use of echocardiographic derived right ventricular
global longitudinal strain was the most powerful echocardiographic parameter and had higher
prognostic value than cMR derived RV- EF, suggesting that systematic evaluation of RV
function by 2D STE could be important for risk stratification in HFTEF patients.

Translational Outlook

The retrospective design in a single center, as well as the use of a single vendor software for
right ventricular strain analysis remain a limitation. Additional clinical studies should
confirm the value of 2D-STE in such populations in prospective, multicenter design and using
different softwares to allow more general recognition of this method for risk stratification of

HFrEF patients.
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STRUCTURED ABSTRACT

Background

Pulmonary transit time (PTT) from first-pass perfusion imaging is a novel parameter to
evaluate hemodynamic congestion by cardiac magnetic resonance (cMR). We sought to
evaluate the additional prognostic value of PTT in heart failure with reduced ejection fraction
(HFrEF) over other well-validated predictors of risk including the MAGGIC risk score and

ischemic etiology.

Methods

We prospectively followed 410 chronic HFTEF patients (61413 years, LVEF 24+7%) who
underwent a clinical cMR to assess the prognostic value of PTT for a primary endpoint of
overall mortality and secondary composite endpoint of cardiovascular death and heart failure
hospitalization. Normal reference values of PTT were evaluated in a population of 40

asymptomatic volunteers free of cardiovascular disease.
Results

PTT was significantly increased in patients with HFrEF as compared to controls (946 beats
and 7+2 beats respectively, p<0.001), and correlated not only with NYHA class, cMR-left
ventricular (L'V) and -right ventricular (RV) volumes, cMR-RV and -LV ejection fraction
(EF) and feature tracking global longitudinal strain (FT-GLS), but also with cardiac output.
Over 6-years median follow-up, 182 patients died and 200 reached the secondary endpoint.
By multivariate Cox analysis, PTT was an independent and significant predictor of both
endpoints after adjustment for MAGGIC risk score and ischemic etiology. Importantly in
multivariable analysis, PTT in beats had significantly higher additional prognostic value to
predict not only overall mortality (¥ to improve=12.3, HR:1.35;
95%CI:[1.16;1.58];p<0.001) but also the secondary composite endpoints (}* to
improve=20.1, HR:1.23; 95%CI:[1.21;1.60]; p<0.001) than cMR LVEF, cMR-RVEF, LV-
FT-GLS or RV-FT-GLS. Importantly, PTT was independent and complementary to both
pulmonary artery pressure and reduced RVEF<42% to predict overall mortality and

secondary combined endpoints.
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Conclusion

Despite limitations in temporal resolution, PTT derived from first pass-perfusion imaging
provides higher and independent prognostic information in HFrEF than clinical and other

cMR parameters including LV and RV-EF or FT-GLS.

CLINICAL IMPACT AND PERSPECTIVE

In this retrospective study, evaluating 410 patients with heart failure and reduced ejection
fraction undergoing cardiac magnetic resonance, pulmonary transit time from first-pass
perfusion imaging was found to be a strong independent predictor of overall and
cardiovascular mortality over median follow up of 6 years. Pulmonary transit time an
integrative marker of hemodynamic congestion, was found to have high intra and
interobserver reproducibility. More importantly it had independent predictive value above
clinical parameters such as MAGGIC score and ischemic etiology and was the most powerful
imaging parameter with higher prognostic value than cMR derived left and right ventricular
ejection fraction and strain. This suggest that systematic evaluation of pulmonary transit time
by cMR should be integrated in the risk stratification process of HFrEF patients.
Nevertheless, the retrospective design in a single center of our study remains a limitation.
Additional clinical studies should confirm the value of pulmonary transit time in prospective,
multicenter design, to allow more general recognition of this method for risk stratification of

HFrEF patients
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INTRODUCTION

Pulmonary transit time (PTT) is a well-known parameter to evaluate global cardiopulmonary
function containing information not only from right and left ventricle pump function but also
pulmonary blood volume and hemodynamic congestion. It can be measured either invasively
using indicator dilution methods with direct heart catheterization, or using different non-
invasive imaging methods such as radionuclide imaging(149), computed tomography(47)
and contrast enhanced transthoracic echocardiography (TTE)(35,36). Recently, it was
proposed that PTT measurements could be derived from first pass perfusion by measuring
the time for a bolus of contrast to pass from the right ventricle (RV) to the left ventricle
(LV)(37-41). Furthermore, cMR-derived PTT was shown to be increased both in heart failure
(HF) with reduced and preserved ejection fraction (EF)(41). However, the prognostic value

of this parameter has not yet been compared to other known clinical and imaging parameters.

Therefore, we sought to evaluate the prognostic significance of PTT by first pass perfusion
cMR in patients with HF with reduced EF (HFrEF). We thus compared the ability of PTT to
predict both overall mortality and a combined endpoint of cardiovascular survival and HF
hospitalization over and above other well-validated parameters in the prognosis of heart

failure and in direct comparison with LV and RV feature tracking.

METHODS

Study population

We retrospectively identified consecutive patients in optimal medical therapy with stable
chronic HF and LVEF < 35% who underwent cMR between 2002 and 2018 in our institution.
All patients included in the study were either outpatients or stable inpatients hospitalized for
pre-transplant evaluation. Inclusion criteria were patients in sinus rhythm who had TTE
within 30 days of cMR. Exclusion criteria were non-sinus rhythm, right to left shunts, cardiac
devices, moderate and severe primary valve disease, severe chronic kidney disease defined

as a Glomerular Filtration Rate (GFR) <30 ml/min/1.73m2, severe chronic obstructive

114



pulmonary disease (stage III-IV), pulmonary fibrosis or life expectancy <1 year due to other

comorbidities.

The study protocol was approved by the IRB (2011/11AVR/144, 2017/02MAR/117 and
2014/19NOV/599) and subject gave informed consent. Patient’s history and treatment was
retrieved from medical files and from review of visit or hospital records. The HF etiology
was considered ischemic when patients had previous history of myocardial infarction or >

70% narrowing in at least one major epicardial artery on angiography by visual inspection.

Normal reference values of PTT and other cMR parameters were evaluated in a previously
published population of 40 asymptomatic volunteers (AV) free of cardiovascular

disease(150).

Transthoracic Echocardiography

Standardized comprehensive TTE exams acquired according to established guidelines using
commercial ultrasound systems, were analyzed off-line retrospectively by a single
experienced observer (LH) blinded to follow-up clinical and cMR data. Estimated pulmonary
systolic artery pressure (eSPAP) was calculated from tricuspid regurgitation maximum jet
velocity and pulmonary hypertension was considered when eSPAP was calculated above 40
mmHg. LV filling pressure markers and RV systolic function parameters such as tricuspid
annular plane systolic excursion (TAPSE) and fractional area change (FAC) were measured

as stated by the established guidelines on 4 chamber view.

Cardiac magnetic resonance

Details in expanded data supplements. All patients and volunteers underwent a standardized
c¢MR myocardial viability study on a 1.5 T or 3T scanner as described previously(131). After
short and long long-axis cine SSFP images for assessment of myocardial function, a first
Gadolinium contrast bolus was injected at a speed of 3 ml/s followed by a saline chaser of
20 cc. During contrast injection, a dynamic first pass perfusion scan of 40 phases was
acquired using an ECG-gated saturation recovery interleaved spoiled gradient echo pulse

sequence with parallel imaging (SENSE), allowing 8 short-axes images to be acquired every
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other heartbeat (temporal resolution 2 RR intervals). Additional Gadolinium contrast (total
dose of 0.2 mmol/kg) was injected and 10-15 minutes thereafter, late gadolinium
enhancement (LGE) images were acquired using a 2D- inversion recovery sequence allowing
for the assessment of myocardial viability in identical prescriptions of short- and long-axis

slices as cine images.

cMR studies were analyzed using the freely available software Segment version 2.2 (106) by
one experienced observer level III European Association of Cardiovascular Imaging
(EACVI) certified observer (BG) and PTT data was evaluated by LH. End-diastolic (ED) and
end-systolic (ES) RV and LV volumes and EF were computed from the short-axis cine
images and indexed to the body surface area. Presence and extent of LGE was evaluated
visually and quantified with a semi-automated algorithm using 4.7 SD of remote region to
define LGE, as previously reported(131). RVFT-GLS was computed in apical 4 chamber
view and LVFT-GLS cMR was calculated from the average of 3 long-axis-cine-views. For
PTT computation, circular regions of interests (ROI) were placed in the center of the RV and
the LV on a basal slice of the first pass perfusion study ascertaining that the ROI remained
in the respective cavity and time attenuation curves were generated. PTT was calculated
automatically as the lag time between the RV and LV bolus peaks, relying on a peak-
detection algorithm implemented in Python (appendix 1). The PTT was expressed both in
seconds and number of heart beats. Indexed pulmonary blood volume (PBVi) was computed
by the product of PTT beats and the anterograde phase contrast stroke volume indexed to
body surface area(151). Example of PTT measurements in a healthy volunteer and a HFrEF

patient is shown in Figure 1.

Follow-up

Two independent researchers (MR and SA blinded for clinical data) prospectively followed
the study population until November 2018 by phone contact with the patients, their relatives,
or their physician. All deaths were recorded and categorized as cardiac or noncardiac. Cause
of death was adjudicated by the 2 researchers previously mentioned. Cardiac death was
defined as death attributable to congestive HF (i.e. death preceded by acute worsening or
exacerbation of heart failure), myocardial infarction, sudden death (i.e. unexpected,

unwitnessed, or witnessed death in absence of other apparent causes) or occurring after
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cardiac revascularization. The primary endpoint was overall mortality, and the secondary
endpoints were cardiovascular (CV) death and HF hospitalization. Heart transplantations
were censored at the date of the procedure since the waiting time for that kind of surgery is

more determined by the organ availability rather by the patient status.

Statistical analysis

Detailed statistical methods in data supplements. Statistical analyses were performed using
R software (version 3.3.2). All tests were 2 sided and p value <0.05 was considered
statistically significant. Continuous variables were summarized as mean + one standard
deviation (SD) as median and interquartile range, categorical variables as counts and
percentages and compared using paired t test, Wilcoxon U and 2 test respectively. Hazard
Ratios (HR) were expressed with 95% confidence intervals (CI). The correlation between
PTT vs cMR and echocardiographic measures was assessed using Pearson’s or Spearman
correlation coefficient. Uni- and multi-variable Cox proportional hazard models were used
to assess predictors of primary and secondary endpoints. Secondary endpoint was evaluated
using competing risk analysis. Weibull distribution was used in case of violation of
proportional hazard (RVEF). Multivariable analysis included all MR parameters except those
with evident collinearity together with the Meta-Analysis Global Group in Chronic Heart
Failure (MAGGIC) Risk score(152) and ischemic etiology.

For the full assessment of the incremental benefit of PTT, we compared the potential additive
prognostic value of PTT and other cMR parameters to improve the prediction of death over
the baseline model including MAGGIC score and ischemic etiology using multiple
discrimination measures including likelihood ratio and the additional increase of 2 of the
combined model over the baseline model, net reclassification improvement (NRI) and the

integrated discrimination improvement index (IDI)

Survival graphs were used to compare patients with normal and abnormal PTT and RVEF.
Interobserver and intraobserver reproducibility of measurement of PTT was evaluated in 30

randomly selected patient population using intraclass correlation coefficient (ICC) and
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Bland-Altman analysis with computation within-subject coefficient of variation (CV). Test-
retest reproducibility of PTT was assessed using CV and ICC in 12 subjects from prior
studies: ie 8 healthy volunteers (3 male, mean age 30+1 years)(150) and 4 patients (3 male,
mean age 66+7 years) with myocardial infarcts (153) in whom we had performed contrast-

enhanced cMR using the same protocol on 2 consecutive days.
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RESULTS

Patient’s population

410 patients satisfied the inclusion criteria and constituted the final study population (Figure
2). Table 1 shows the characteristics of the HFTEF patients. The mean age was 61+13 years
and 75% were male. Etiology of HF was ischemic in 59% of patients and 48% were in New
York Heart association (NYHA) class III or IV. Average LVEF was 24+7%, average LV-
FT-GLS was -6.6%. Average RVEF was 42% and RV-FT-GLS was -11.7%. After cMR, 79
patients underwent Implantable Cardioverter Defibrillator (ICD) implantation (of which 10
for secondary prevention after arrhythmic event), 33 patients had a Cardiac
Resynchronization Therapy- Defibrillator (CRT- D) and 29 a CRT- Pacemaker (P)

implantation.

HF-rEF patients
LVEF< 35%
n=473

n=17 no contrast injection
n=37 Atrial Fibrilation
n=9 poor image quality

HF-rEF patients
n=410

Figure 2 Flowchart of patient inclusion
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PTT<11

All beats PTT>11 beats P
(n=410) (n=322) (n=88) value

Clinical parameters
Age (years) 61+13 60+13 64+13 0.21
Female Sex (n, %) 103 (25%) 88 (27%) 15 (17%) 0.053
Ischemic etiology (n, %) 243 (59%) 193 (60%) 50 (56%) 0.63
BMI (kg/m2) 25.9+4.8 25.9+4.8 25.9£5.0 0.83
BSA (m2) 1.89+0.23 1.88+0.23 1.89+0.22 0.88
MAP (mmHg) 87+13 87+13 84+12 0.06
Heart rate (beats/min) 7615 78+14 72+15 <0.001
COPD (n, %) 58 (14%) 47 (15%) 11 (13%) 0.73
Diabetes (n, %) 105 (26%) 82 (25%) 23 (26%) 0.89
NYHA [I-IV (n, %) 198 (48%) 141 (44%) 57 (65%) <0.001
GFR (ml/min/1.73m2) 71£22 73+23 63+17 <0.001
Hemoglobin (g/dl) 13.5+1.8 13.4+1.8 13.8+1.8 0.06
Beta blockers (n, %) 361 (88%) 281 (87%) 80 (91%) 0.46
Diuretics (n, %) 267 (65%) 201 (62%) 66 (75%) 0.032
ACEi/ARBs/SA-VAL (n, %) 401 (98%) 314 (97%) 87 (99%) 0.69
Spironolactone (n, %) 286(70%) 217 (67%) 69 (78%) 0.05
MAGGIC HF Score 25+6 2546 28+7 <0.001

Echocardiographic

parameters
E/A ratio 1.50+0.86 1.41+0.83 1.83+0.92 <0.001
e/¢é ratio 17.5+8.5 17.1+8.7 19.2+7.8 0.06
TR 2-3 (n, %) 35(9%) 15(5%) 20(24%) <0.001
eSPAP>40mmHg (n, %) 152(37%) 104(32%) 48(55%) <0.001
TAPSE (mm) 18.0+4.8 18.3+4.6 16.8+5.3 0.02
FAC (%) 36.5+£12.0 37.8+11.6 31.7£12.5 <0.001
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¢MR parameters

c¢cMR-LV-EDVi (ml/m2) 151447 146+44 172454 <0.001
c¢cMR-LV-ESVi(ml/m2) 117444 112441 138+52 <0.001
c¢cMR-LV-SV index (ml/m2) 34+10 34+10 34+12 0.80
cMR-LVEF (%) 2447 24+7 20+7 <0.001
c¢cMR-LV-FT-GLS (%) -6.6+2.7 -6.9+2.6 -5.5+2.5 <0.001
CO (L/min/m2) 2.56+0.76 2.63+0.76 2.334+0.68 0.001
c¢cMR-RV-EDVi (ml/m2) 85+31 78+27 106+39 <0.001
c¢cMR-RV-ESVi (m/m2l) 52431 47426 72439 <0.001
c¢cMR-RV- SV indexed (ml/m2) 33+10 33+10 34+11 0.54
cMR-RVEF (%) 42+15 44+14 36+16 <0.001
cMR-RV-FT GLS (%) -11.7+4.4 -12.44+4.3 -9.4+4.2 <0.001
septal stripe (n, %) 80 (20%) 50 (16%) 30 (34%) <0.001
LV LGE (n, %) 258 (63%) 192 (60%) 66 (75%) 0.009
LGE size (%) 3.9[0.4;12.0] 3.0[0.4;11] 6.0[1.0;14] 0.052
CMR-PBVi (ml/m2) * 306+254 229+103 596+404 <0.001
c¢cMR-PTT (seconds) 11.0£6.3 8.6+2.9 19.9+7.6 <0.001
cMR-PTT (heart beats) 8.9+5.5 6.7+2.2 16.9+6.8 by design

Table 1 Clinical characteristics of HFrEF patients according to normal and abnormal
pulmonary transit time. Across-group P value is for the difference across the PTT cut off
value by paired t-test (normal distribution), X2 Wilkoxon U,(non-normal data) or Chi Square
test (discrete data) . *: n=261 patients

BMI indicates body mass index; BSA: Body Surface Area; MAP: Mean Arterial Pressure;
COPD: Chronic obstructive pulmonary disease; NYHA: New York Heart association
functional class, GFR: Glomerual Filtration rate; ACEi/ARBs/SA-VAL or Sacubitril-
Valsartan: Angiotensin-Converting-Enzyme Inhibitor/Angiotensin II Receptor Blockers;
MAGGIC HF scores: Meta-Analysis Global Group in Chronic Heart Failure Risk score; TR
2-3: Tricuspid Regurgitation moderate ; eSPAP: estimated Systolic Pulmonary Artery
Pressure; TASPE: Tricuspid Annular Plane Systolic Excursion; FAC: Fractional Area
Change; cMR= cardiac magnetic resonance; LV: Left Ventricular; RV: Right Ventricular;
EDVi: End-Diastolic volume Index; ESVi: End-Systolic Volume Index; SVi: Stroke Volume
index; EF: Ejection Fraction; FT-GLS: Feature Tracking Global Longitudinal Strain, CO:
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Cardiac Output;; LGE: Late Gadolinium Enhancement; PBVi: Pulmonary Blood Volume
index and PTT: Pulmonary Transit Time.

Pulmonary transit time

Normal values of cMR PTT in 40 asymptomatic controls (mean age 51+18 years, 51%
female, average heart rate 68+11 bpm, systolic blood pressure 127+18 mmHg) were
respectively 7+2 beats (95%CI 2.2;11.1 beats) and 6.24+2.2 seconds (95% CI 2.5;11.1

seconds).
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Figure 1 Example of PTT measurements. The blue line represents the bolus peak from the

right ventricle and the red line the bolus peak from the left ventricle.

Average PTT in HFTEF patients was significantly higher (9+6 beats or 11.0+6.3 seconds,
both p<0.001) relative to volunteers. Based on normal 95% CI of asymptomatic volunteers,
patients were stratified into normal (<11 beats) and abnormal (ie >11 beats) PTT. As shown
in Table 1, patients with high PTT were significantly older, had higher NYHA class, worse
renal function and higher diuretic use, higher echocardiographic filling pressures as indicated
by higher E/A and E/e’ ratio, more pulmonary hypertension and worse RV function (lower
TAPSE and FAC) by echocardiography. By cMR, they presented larger LV and RV volumes,
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lower LV-EF and RV-EF, lower cardiac output and lower LV and RV FT-GLS. Interestingly
there was no difference in PTT between patients with ischemic and non-ischemic etiology,
however there was higher prevalence of LGE and septal stripe in patients with high PTT.
There was also no significant difference in the number of patients with high PTT which
underwent ICD or CRT implantation during follow-up (20 vs 19%, p=0.89). To better
emphasize these differences, patients were also grouped based on PTT quartiles

(Supplementary Table 1).

As expected, PTT in beats and seconds were highly correlated among each other (r=0.91,
p<0.001). Supplementary Table 2 shows correlation with other hemodynamic parameters,
PTT correlated significantly, however moderately, with E/A ratio, cMR LV-EDVi, LV-
ESVI, RV-EDVi, RV-ESVi, LV-FT-GLS and RV-FT-GLS. It also correlated inversely but
moderately with RVEF and LVEF and the cardiac output. All correlations were higher for

PTT in seconds than in beats.

Survival

Follow-up was 100% complete for a median duration of 6 years. During follow-up 28 patients
underwent heart transplantation and were censored at the time of transplant. 182 patients
died, 152 patients of cardiovascular causes: 72 suddenly, 60 of HF, 11 of cardiogenic shock,
5 of stroke and 4 postoperatively and 30 patients of non-cardiac causes. 101 patients
underwent hospitalization for HF. Accordingly, 182 patients reached the primary endpoint
of overall mortality, and 200 the secondary endpoint of cardiac death or HF hospitalization.

Predictors of outcomes

As shown in Figure 3, overall unadjusted survival in patients with prolonged PTT was

significantly reduced.
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Figure 3 Adjusted survival curves showing overall (a) and MACE (b) free survival according
to abnormal / normal PTT.

Table 2 lists univariate cox regression analysis predictors of survival. In Univariate analysis,
age, ischemic etiology, arterial hypertension, diabetes, NYHA functional class III-IV,
MAGGIC-HF risk score, cMR-LV and RV volumes, EF and FT-GLS, LV LGE, PTT, E/A
and e/e’ ratio, eSPAP> 40 mm Hg, TAPSE, RV-FAC and GFR were associated with overall
mortality. Regarding the secondary composite endpoint, not only the same parameters listed
above were associated with cardiovascular mortality and HF hospitalization, but also LVEF

by cMR and female sex (Supplementary Table 3).
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lgv;s 1?::;’2 HR (95% CI) P-value
Clinical characteristics
Age(years) 57+14 66+11 1.68[1.41;2.00] <0.001
Female sex (n, %) 64 (28%) 39 (21%) 0.82[0.58;1.17] 0.27
Ischemic etiology (n,%) 99 (43%) 144 (79%) 2.23[1.55;3.19] <0.001
AHT (n, %) 90 (40%) 109 (60%) 1.53[1.14;2.07] 0.004
Diabetes Mellitus (n, %) 46 (20%) 59 (32%) 1.52[1.12;2.07] 0.008
NYHA IV (n, %) 93 (41%) 105 (60%) 1.72[1.27;2.31] <0.001
Beta-blockers (n, %) 207(91%) 154 (85%) 0.62[0.41;0.92] 0.026
Diuretics (n, %) 135(59%) 132 (73%) 1.74[1.25;2.42] <0.001
GFR (ml/kg/1.73m?) 74£23 67421 0.75[0.64 ;0.88] <0.001
MAGGIC HF Score 2446 2746 1.65[1.44 ;1.88] <0.001
: ;g?l ;:I‘Sl:(‘)‘f;rii‘:;as Hme- 58 (25%) 21 (11%) 0.88[0.56 ;1.39] 0.59
co(il:ga;f time-dependent 45 (20%) 17 (9%) 0.67[0.41;1.11] 0.13
Echocardiographic
parameters
TAPSE (mm) 18.3+4.7 17.8+4.9 0.83[0.07 ;0.96] 0.01
RV-FAC (%) 37412 36+12 0.84[0.72;0.97] 0.018
eSPAP>40mmHg 68 (38%) 84 (46%) 1.74[1.29;2.33] <0.001
E/a ratio 147+085  1.52+0.88 1.19[1.02;1.39] 0.026
Ele’ 16.547.9 192493 1.32[1.12;1.56] 0.001
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cMR parameters

RV-EDVi (ml/m?) 82432 89431 1.25[1.09;1.44] 0.001
RV-ESVi (ml/m?) 50+31 55431 1.241[1.09;1.42] 0.001
RV-EF (%) 4314 42415 0.82[0.71;0.95] 0.01
RV-GLS (%) 1245 -12+4 1.24[1.04;1.39] 0.01
LV-EDVi (mV/m?) 15249 15044 1.11[0.96°1.29] 0.14
LV-ESVi (ml/m?) 118+47 116+41 1.12[0.97 ;1.30] 0.11
LV-SVi (mV/m2) 35£11 3349 0.99[0.85 ;1.15] 0.89
Cardiac output (I/min) 48+1.4 48+1.5 0.90[0.77 ;1.05] 0.16
LVEF (%) 235476 235+6.5 0.866[0.74 ;1.00] 0.06
LV-GLS (%) 743 643 1.32[1.13;1.54] <0.001
Presence of LV scar (n. %) 117 (51%) 141 (78%) 1.87[1.32:2.66] <0.001
Septal stripe (n, %) 48 21%) 32 (18%) 1.11[0.76;1.64] 0.58
PBVi (ml/m2) * 2834256 3352250 1.31[1.17 ;1.47] <0.001
PTT in beats 8.2+5.5 10.4+6.6 131[1.16;1.49] <0.001
PTT in seconds 9.6+5.5 117458 1.47[1.29;1.67] <0.001

Table 2 univariate analysis primary endpoint

AHT, Arterial hypertension; ICD: Implantable Cardioverter Defibrillator; CRT: cardiac
resynchronization therapy; CI: Confidence Interval; HR: Hazard Ratio (for standardized
value). All other abbreviations as in table 1.

MAGGIC-HF risk score and ischemic etiology were independent predictors of primary and
secondary endpoints, and since these are well-known predictors of mortality in HFrEF, they
were used as baseline multivariable predictors. Figure 4 and 5 and supplementary Table 4
and 5 show the incremental prognostic value of different cMR parameters over MAGGIC-

HF risk score and ischemic etiology.
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Figure 4 Chi square statistics bar chart: Additional prognostic value of the parameters over
a baseline model to predict overall mortality.
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Figure 5 Chi square statistics bar chart: Additional prognostic value of the parameters over
a baseline model to predict the secondary end-point of cardiovascular mortality and HF
hospitalization.

Importantly, LVEF was not included since statistically non-significant in univariate analysis.,

The incremental prognostic value of PTT beats was significantly higher than PTT in seconds,

c¢cMR-LGE, cMR-RV and LV-FT-GLS, and RVEF for the primary endpoints. For the

secondary endpoint both PTT in beats and in seconds had better predictive value than cMR
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LGE, RV and LV FT-GLS. PTT in beats but not in seconds had also significantly higher
predictive value than RVEF. Table 3 shows the multivariable model including all cMR
parameters for our primary endpoint and Table 4 for the secondary endpoint accounting for
competing risk. In multivariable analysis, PTT either in seconds or beats had additional
prognostic value over MAGGIC-HF risk score and ischemic etiology. Interestingly, LV-FT-
GLS showed only a significant incremental value in predicting the secondary composite
endpoints, but not the primary endpoint. This is well illustrated in Figure 4 and 5 and
Supplementary Table 4 and 5. Additionally, the incremental prognostic value of PTT > 11
beats was also demonstrated by other discrimination measures. Indeed, the continuous NRI
for adding PTT> 11 beats in the baseline model was 0.45 [0.19;0.65] for overall mortality
and 0.49[0.26;0.56] for the secondary endpoint at one year (p<0.001). The IDI was
significantly increased (p=0.02) for the secondary endpoint but not for the primary endpoint
(p=0.16).
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Parameter Partial HR X2 P value

MAGGIC HF Score 1.46[1.24;1.71] 233 <0.001
Ischemic etiology 2.46[1.59;3.73] 173 <0.001
PTT (beats) 1.33[1.12;1.57] 10.55 <0.001
c¢MR-RVEF 0.88[0.75;1.03] 225 0.12
c¢MR-LV-FT-GLS 1.04[0.87;1.29] 3.87 0.72
cMR-RV-FT-GLS 1.04[0.86;1.27] 0.33 0.66
c¢MR-LV- LGE 1.06[0.72;1.57] 0.10 0.74

Table 3 Multivariable analysis for primary endpoint. Hazard Ratio (HR) of continuous
values were standardized. PTT (seconds) and PBV were not entered together, as highly
correlated with PTT (beats) Abbreviations as in Table 1.
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Parameter Partial HR P value

MAGGIC Score 1.28[1.11;1.49] <0.001
Ischemic etiology 1.59[1.05:2.41] 0.03
PTT (beats) 1.34[1.15;1.57] <0.001
¢MR-RVEF 0.88[0.76;1.02] 0.08
¢MR-LVGLS 1.10[0.92;1.30] 0.30
¢cMR-RVGLS 1.03[0.87;1.22] 0.71
¢MR-LGE 1.07[0.72;1.59] 0.73

Table 4: Multivariable analysis for prediction of secondary endpoints.
Hazard ratio (HR) of continuous values were standardized. PTT (seconds) and PBVi were
not entered, as highly correlated with PTT (beats). Abbreviations as in Tablel

PTT in beats retained its high prognostic value in predicting both endpoints even if eSPAP
by echocardiography was considered in the model (X2 to enter 12, p<0.001 and X2=8,
p<0.001 respectively).

A sub-analysis was performed in 261 patients who had aortic flow phase data allowing to
compute PBVi and the cardiac output. In this subpopulation, 100 patients died, 87 from
cardiovascular death. Regarding the univariate analysis, the same parameters than with the

entire population were associated with both of the endpoints, with in addition PBVi.

In multivariable analysis using the same baseline model, PTT in beats still had significantly
(p=0.02) higher additional value than PBVi. (X2 to enter 17.6 p<0.001 vs 11.2, p=0.001

respectively)
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To better illustrate this increased risk in patient with high PTT, we evaluated hazard ratios
relative to PTT (Figure 6). This graph show that the risk of mortality starts to exponentially
increase when PTT is > 11 beats. This is also demonstrated in the adjusted survival curves

stratified by quartiles of PTT (Supplementary Figure 1)

Hazard Overal Death
N

0 10 20 30 40
nPTT (beats)

Hazard secondary endpoint
N

0 10 20 30 40
nPTT (beats)

Figure 6 Hazard ratio of overall death and MACE free survival for PTT in beats

Finally, we examined the interaction between RV function and PTT in the prognostic
stratification. Therefore, patients were separated according to normal (<11 beats) and
abnormal (>11 beats) PTT and low (<42%) and high median (>42%) RVEF. Both
RVEF<42% (HR:1.68 [1.23;2.31], p<0.001 for overall mortality and HR:1.76 [1.32;2.35],
p<0.001 for the combined endpoint) and PTT>11 beats (HR:1.48 [1.04;2.1] with a p=0.03

131



and HR 1.65 [1.27;2.32] with a p<0.001 for overall mortality and the combined endpoint
respectively) independently predicted primary and secondary outcome over MAGGIC Score
and ischemic etiology. Figure 7 shows adjusted survival curves of overall survival and
secondary endpoint stratified by normal/abnormal RVEF and PTT. This figure illustrates
clearly that the prognosis of patients is independently influenced by both RVEF and PTT.
Indeed, survival was highest when both RVEF and PTT were normal and worst when RVEF
was low and PTT was increased. Patients with poor RVEF but preserved PTT or patients

with normal RVEF, but increased PTT had intermediate prognosis.
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Reproducibility

Intraobserver and Interobserver reproducibility of PTT measurements was high (ICC=0.99/
0.98 and CV 3.7%/5.7% respectively). Test-retest reproducibility of PTT resulted in absolute
difference measurement on 2 consecutive days of 0+1.2 seconds (95CI: -2.3;2.4 seconds),
with a CV of 6.4% and an ICC of 0.84. Interstudy reproducibility of other conventional cMR

and FT measurements were recently published(154).
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DISCUSSION

The salient findings of our study were:
1. PTT measurements can be easily obtained automatically from analysis of contrast
kinetics during routine clinical cMR first pass perfusion scans with high intra-, inter and

test-retest reproducibility.

2. PTT was significantly increased in patients with HFrEF as compared to controls, and
correlated with NYHA class, cMR-LV and -RV volumes, RV and LV systolic function
(EF and FT-GLS), cardiac output and with echocardiographic parameters of diastolic

function.

3. PTT both in beats and seconds were independent predictors of overall long-term
mortality and combined endpoint of CV mortality and HF hospitalization with
significant additional value over a strong baseline model including well-validated

parameters in patient with heart failure.

4) Importantly, the additional prognostic value of both PTT in beats and seconds was
greater than RV and LV FT-GLS and EF and independent of eSPAP and RVEEF in
predicting both endpoints.

PTT, defined as the time for a bolus of contrast to pass from the RV to the LV, is a well-
known measurement for evaluation of cardiopulmonary status. Indeed circulation time
measurements are used since the mid-twentieth century for diagnosis of HF. PTT was first
determined using radionuclide tracers(32) then also using other techniques such as contrast
enhanced echocardiography and injected CT. Recently, it was proposed that PTT
measurements could be derived from first pass perfusion cMR imaging(37-41) such as in our

present work.

Several investigators demonstrated that PTT is prolonged both in HFTEF, HFpEF(41) and in
isolated pulmonary hypertension(40). According to the indicator dilution theory(42), PTT is
directly proportional to pulmonary blood volume and indirectly related to the right
ventricular cardiac output(43). Hemodynamic studies(36,40,41,44) confirmed that PTT
correlates with RV stroke volume, RV cardiac output(35,41), LVEF and RVEF(37,45,46),

135



but also importantly with parameters of increased pulmonary congestion(40,41). Indeed, in
our previous work(47), we demonstrated a strong correlation between PTT assessed by CT
scanner, mean pulmonary artery pressure (r=0.68) and pulmonary artery wedge pressure
(r=0.74). PTT was also shown to correlate with N-terminal pro-B natriuretic peptide(35,47)
which is an indicative for volume and pressure overload in congestive HF. This is in
accordance with our findings. Overall, this suggests that prolonged PTT is a not only a
measurement of low cardiac output, but mainly related to increased blood volume and thus,

a parameter estimating pulmonary congestion in different types of HF.

In our study, normal values of PTT in healthy volunteers were in line with other reports(39-
41,46,151). HFrEF patients had significantly prolonged PTT, however, with considerable
overlap of normal PTT values when compared to volunteers. Indeed, only about 20% of
HFrEF patients presented significantly prolonged PTT. However, this was clearly associated
with more severe left (LVEF and LVGLS) and RV (RVEF, RVGLS, TAPSE and FAC)
dysfunction, more severe symptomatic state (NYHA class) and more severe congestion

(higher E/e’).

Increased PTT predicted independently long-term overall survival and survival free of HF
hospitalization and cardiovascular death. Indeed, normalized PTT in beats was the only
variable statistically significant in the multivariable models when we allow to simultaneously
enter all cMR parameters together with ischemic etiology and MAGICC score parameters.
All the cMR parameters who had evident collinearity were not added in the multivariable

models in order to avoid issue related to selecting parameters.

We also demonstrated that PTT had higher incremental prognostic value than FT-GLS in
predicting not only overall mortality but also the combined endpoint of CV death and HF
hospitalization. Additionally, the incremental benefit of PTT over a strong baseline model to
predict both the endpoints was illustrated using three measures of discrimination such as the
likelihood ratio test which is the uniformly most powerful test for nested models, and also by
the NRI and the IDI. Although the NRI increase was modest, it demonstrated clearly a clinical
reclassification of patients over a strong baseline model incorporating predictive parameters

already well-validated in patients with heart failure.
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In this respect, we believe that the specific clinical value of our data is the fact that it
demonstrates that HFrEF patients with normal PTT (beats) should be reclassified to a lower
risk. Also, PTT was independent and complementary to eSPAP to predict outcomes. This is
in agreement with the fact that both clinical and hemodynamic congestion are important
predictors of mortality in HF(155-158). While clinical congestion, which is always associated
with signs and symptoms of HF, may rapidly resolve with diuretics, hemodynamic
congestion may be incomplete despite aggressive treatment. Our study is, to our knowledge,
the first to demonstrate the strong independent and additional value of PTT to predict
outcome over other cMR derived parameters which are well-known prognostic factors in
HFrEF patients, such as RVEF(98) and LV-FT-GLS(88) and RV-FT-GLS(98). Interestingly,
the prognostic value of PTT was prolonged and persistent over a median follow up of 6 years.
This is remarkable because one could conceive that the degree of pulmonary congestion
might change over time in patients with HFrEF with progression of disease, or with treatment
changes. A potential explanation could be that patients in our study underwent cMR during
stable conditions, thus not during acute congestion, and thus that an increased PTT would
reflect an incomplete hemodynamic decongestion which seems to be the main cause of early

readmission(159).

CLINICAL IMPLICATION

HFrEF has variable prognosis, and assessment of pulmonary congestion is known to be
relevant in HFrEF. Our study shows that cMR-PTT assessment is a simple, robust, and highly
reproducible parameter, which might allow detection of pulmonary congestion non-
invasively and which had significant and prognostic value over other clinical and cMR
parameters such as RVEF in HFTEF both to predict mortality and HF hospitalization. Since
PTT can be easily made from routine clinical cMR scans without any additional cost, we
believe that PTT should be systematically analyzed during viability studies for risk
stratification and identification of HFTEF patients at high risk of death and acute heart failure
which potentially could benefit from more intensive monitoring and therapy. Indeed, PTT
measurements could potentially be derived automatically from analysis of first pass image

intensity, and the parameter could be computed within seconds.
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STUDY LIMITATIONS

Our study was a single center retrospective observational study, with a potential referral
reference bias to undergo cMR. Limitations related to this retrospective design include no
quality control of acquired imaging and potential referral bias as we excluded patients with
atrial fibrillation, devices, severe lung disease and renal failure. Therefore, our findings may
not apply to these populations. Additionally, only one single observer performed the
measurement of PTT. However, PTT measurement was performed automatically.
Furthermore, image acquisitions were performed with a sequence with full cardiac coverage
and temporal resolution limited to 2 RR intervals and contrast was injected at 3 cc/s. This
might have limited the ability to detect the sharpness of the contrast peak and might have
limited precision of measurement. Higher temporal resolution and injection speed might
allow for more pronounced contrast peaks with more accurate estimates of PTT(160).
Absolute difference between the normal and abnormal PTT groups was small representing
only 2 beats, which is explained by the fact that majority of patients had normal PTT and
only 20-25% of patients had increased PTT. Importantly, we believe that the clinical
relevance of a biomarker can only be accurately demonstrated by its effect on patient
management and outcomes which need to be confirmed in further prospective studies. Our
baseline model was created based on well-validated variable in the outcome in heart failure
to add flexibility and robustness to our model. We used software validated for LGE
quantification only in ischemic pattern of fibrosis. We also used the same approach for non-
ischemic scar since there is no universally recognized quantification strategy to detect focal
fibrosis for this population. As our work may have predated the widespread use of ECV, this
technique was not evaluated. Since we did not perform phase-contrast measurements of
systemic or pulmonary stroke volume in all patients, we were able to compute pulmonary
blood volume(151) only in a subgroup of our population. Finally, brain natriuretic peptide
and invasive right heart catheterization measurements were not available for all the

population and therefore these parameters could not be included in our analysis.
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CONCLUSION

In HFrEF, PTT is an integrative marker of hemodynamic congestion, which has significantly
additional prognostic value to predict overall mortality, CV death and HF hospitalization
over and above other well-known risk factors. Importantly, PTT measurements are highly
reproducible since it can be automated and easily made from routine clinical cMR. We
therefore suggest that PTT should be integrated in the risk stratification process of HFrEF

patients.
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SUPPLEMENTARY DATA

Supplementary Table 1: Clinical characteristics of HFrEF patients according to
quartiles of pulmonary transit time

All PTT PTT PTT PTT P
(n=410) 1" quartile 2" quartile 3" quartile 4t quartile value
(n=102) (n=103) (n=103) (n=102)

Age (years) 61£13 57+13 61+14 62+12 64+13 0.02
Female Sex (n,%) 103 (25%) 37 (36%) 30 (29%) 15 (15%) 21 (21%) 0.002
Ischemic etiology 243 (59%) 52 (51%) 59 (57%) 72 (70%) 60 (59%) 0.05
n,%)
BMI (kg/m2) 25.9+4.8 25.945.5 25.8+4.9 26.5+4.1 25.6+4.8 0.60
BSA (m2) 1.89+0.23 1.88+0.23 1.88+0.24 1.90+0.23 1.87+0.21 0.78
MAP (mmHg) 87+13 87+14 88+12 87+12 8513 0.47
Heart rate 76+15 83+14 79+12 74£15 7115 <0.001
(beats/min)
COPD Gold I or IT 58 (14%) 16(15%) 15(15%) 14(14%) 13(13%) 0.94
(n,%)
Diabetes (n,%) 105 (26%) 21(21%) 31(30%) 30(29%) 23(23%) 0.31
NYHA HI-IV (n,%) 198 (48%) 38(37%) 50(49%) 46(45%) 64(63%) 0.003
GFR 7122 77425 73424 71421 6317 <0.001
(ml/min/1.73m2)
Hemoglobin (g/dl) 13.5+1.8 13.4+1.7 13.4+1.9 13.5+1.8 13.6+1.9 0.76
Beta blockers (n,%) 361 (88%) 89(87%) 85(83%) 94(91%) 93(91%) 0.17
Diuretics (n, %) 267 (65%)  59(58%) 64(62%) 71(69%) 73(71%) 0.15
ACEi/ARBSs/SA- 401 (98%)  99(97%) 101(98%) 102(99%) 101(99%) 0.29
VAL (n(%)
Spironolactone 286(70%) 68(67%) 69(67%) 69(67%) 80(78%) 0.18
(n,%)
Maggic HF Score 2546 236 2546 2545 28+7 <0.001
E/A ratio 1.50+0.86 1.260.75 1.37+0.77 1.53+0.95 1.82+0.89 <0.001
e/e ratio 17.5+8.5 16.3+8.8 17.6+8.3 16.6+8.3 19.6+7.8 0.08
TR 2-3 (n,%) 35(9%) 3(3%) 7(7%) 4(4%) 21(21%) <0.001
eSPAP>40mmHg 15237%)  22(22%) 42(41%) 37(36%) 51(50%) <0.001
(n,%)
TAPSE (mm) 18.0+4.8 18.3+4.3 18.6+4.8 18.3+4.8 16.9+5.2 0.07
FAC (%) 36.5+12.0 38.53+11.6 38.7£12.7 36.9+10.0 32.2+412.8 <0.001
cMR-LV-EDVi 151447 140447 143439 151442 172452 <0.001
(ml/m2)
¢MR-LV- 117+44 105441 110438 117439 138451 <0.001
ESVi(ml/m2)
¢MR-LV-SVi 3410 3449 3448 34+11 34+11 0.981
(ml/m2)
c¢MR-LV-EF (%) 2447 26+7 2547 2447 20+7 <0.001
¢MR-LV-FT-GLS -6.6+2.7 -7.242.7 -6.9+2.5 -6.5+2.6 -5.6£2.6 <0.001
(%)
CO(L/min) 4.1£1.3 4.6+1.3 4.4+1.2 4.0£1.2 3.3+1.1 <0.001
¢MR-RV-EDVi 85+31 7627 76£25 83425 105+39 <0.001
(ml/m2)
¢MR-RV-ESVi 52431 4325 43£23 5125 72439 <0.001
(ml/m2)
cMR-RV- SVi 33+10 33+8 3449 41£15 3615 <0.001
(ml/m2)
¢MR-RV-EF (%) 42#15 4712 46x14 4115 36x15 <0.001
¢MR-RV-FT-GLS -11.7+4.4 -13.3+4.5 -12.244.1 -11.6+4.3 -9.8+4.3 <0.001
(%)
Septal stripe n,%) 80 (20%) 15 (14%) 16 (16%) 19 (18%) 30 (29%) 0.03
LV LGE (n,%) 258 (63%) 55(54%) 58(56%) 69(67%) 76(74%) 0.007
cmR-PBVi (ml/m2) 237157 127453 194456 257488 3984225 <0.001
c¢MR-PTT 11.0+6.3 5.8+1.7 8.5+1.4 10.9+2.3 18.7+7.6 <0.001
(seconds)
¢MR-PTT (heart 8.9+5.5 4.2+1.0 6.5+0.6 8.8+0.9 16+6.6 by design
beats)

Across-group P value is for the difference across the PTT cut off value by the X2 Wilkoxon U or Chi Square test .

BMI indicates Body Mass Index; BSA: Body Surface Area; MAP: mean Blood Pressure;
COPD: Chronic Obstructive Pulmonary Disease; NYHA: New York Heart Association
functional class, GFR: Glomerual Filtration Rate; ACEi/ARBs/SA-VAL: Angiotensin-
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Converting-Enzyme inhibitor/Angiotensin II Receptor Blockers or Sacubitril-Valsartan ;
MAGGIC HF scores: Meta-Analysis Global Group in Chronic Heart Failure Risk score; TR
2-3: Tricuspid Regurgitation moderate; eSPAP: estimated Systolic.Pulmonary Artery
Pressure; TASPE: Tricuspid Annular Plane Systolic Excursion; FAC: Fractional Area
Change; cMR= cardiac Magnetic Resonance; LV: Left Ventricular; RV: Right Ventricular;
EDVi: End- Diastolic volume Index; ESVi: End-Systolic Volume Index; SVi: Stroke
Volume index; EF: Ejection Fraction; FT-GLS: Feature Tracking Global Longitudinal
Strain, CO: Cardiac Output;; LGE: Late Gadolinium Enhancement; PBVi: Pulmonary
Blood Volume index and PTT: Pulmonary Transit Time

Supplementary Table 2: correlation of pulmonary transit time with other

parameters.
vs nPTT (beats) vs PTT (sec)

Correlation P value Correlation P value

coefficient coefficient
Heart rate -0.27 <0.001 0.06 NS
NYHA II/IV class 0.30 <0.001 0.17 0.001
E/A ratio (n=357) 0.25 <0.001 0.31 <0.001
E/e’ ratio (n=297) 0.14 0.015 0.21 <0.001
c¢cMR-LV-EDVi 0.25 <0.001 0.31 <0.001
c¢cMR-LV-ESVi 0.26 <0.001 0.35 <0.001
c¢cMR-LV-EF -0.25 <0.001 -0.38 <0.001
c¢cMR-LV-SVi -0.06 NS 0.08 NS
cMR-AoSVi (n=261)* 0.17 <0.007 0.33 <0.001
c¢cMR-CO -0.35 <0.001 -0.35 <0.001
c¢cMR-LV-FT-GLS 0.22 <0.001 0.34 <0.001
cMR-RV-EDVi 0.35 <0.001 0.43 <0.001
cMR-RV- ESVi 0.35 <0.001 0.48 <0.001
cMR-RV-EF -0.26 <0.001 -0.41 <0.001
c¢cMR-RV-SVi -0.11 <0.05 0.02 NS
c¢cMR- RV-FT -GLS 0.32 <0.001 0.40 <0.001

cMR indicates cardiac magnetic resonance; LV: left Ventricular; EDVi: End-Diastolic Ventricular
volume index; ESVi: End-Systolic Volume Index; EF: Ejection Fraction; SVi: Stroke Volume index;
AoSvi: Aortic phase-contrast stroke volume index; COi: Cardiac Output;; FT-GLS: Feature Tracking
Global Longitudinal Strain; RV: Right ventricular.

*Phase contrast sequences were available only in 261 patients.
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Supplementary Table 3: univariate analysis secondary endpoint

CV death or
WHF
No event hospitalization
N=210 N=200 HR (95% CI) P-value
Clinical characteristics
Age(years) 58+13 64+16 1.28[1.08;1.52] 0.004
Female sex (n,%) 65 (31%) 38 (19%) 0.63[0.44;0.89] 0.01
Ischemic etiology (n,%) 98 (47%) 145 (72%) 1.56[1.14;2.13] 0.005
AHT (n,%) 84(40%) 115 (58%) 1.39[1.05;1.83] 0.02
Diabetes Mellitus (n,%) 42(20%) 63 (32%) 1.45[1.08 ;1.95] 0.014
NYHA LIV (n,%) 82 (39%) 116 (58%) 1.81[1.37;2.38] <0.001
Beta-blockers(n,%) 189 (90%) 172 (86%) 0.64[0.4;0.94] 0.02
Diuretics(n, %) 120 (57%) 147 (74%) 1.88[1.39;2.56] <0.001
GFR (ml/kg/1.73m?) 7424 68+19 0.79[0.69;0.92] 0.002
MAGGIC HF Score 2445 2746 1.52[1.33 ;1.75] <0.001
Echocardiographic parameters
TAPSE (mm) 18.4+4.8 17.8+4.9 0.86[0.75;0.99] 0.03
RV-FAC (%) 3712 36£12 0.83[.0.71;0.96] 0.009
eSPAP>40mmHg 58(28%) 94 (47%) 1.83[1.38;2.42] <0.001
E/a ratio 2.3+0.6 2.4+0.6 1.17[1.01;1.36] 0.04
E/e’ 16.8+8.3 18.6+8.7 1.17[1.00;1.36] 0.045
cMR parameters
RV-EDVi (ml/m?) 79+28 92433 1.39[1.18;163] <0.001
RV-ESVi (ml/m?) 4727 57+33 1.37[1.17;1.61] <0.001
RVEF (%) 44+14 42+16 0.78[0.67;0.89] <0.001
RV-GLS (%) -1245 -12+4 1.27[1.12;1.44] <0.001
LV-EDVi (ml/m2) 151449 152445 1.14[0.99;1.3] 0.06
LV-ESVi(ml/m2) 116446 119442 1.15[1;1.32] 0.04
LV-SVi (ml/m2) 34+10 34£10 0.99[0.86;1.15] 0.97
Cardiac output (L/min) 4.8+1.3 4.8+1.6 0.99[0.86;1.15] 0.95
LVEF (%) 23.8+7.4 23.3+6.9 0.854[0.74;0.98] 0.03
LV-GLS (%) 743 643 1.34[1.17;1.55] <0.001
Presence of LV scar (n. %) 109 (52 %) 149 (75%) 1.51[1.10;2.52] 0.01
Septal stripe (n,%) 42 (20%) 38 (19%) 1.14[0.79;1.63] 0.48
PBVi (ml/m2) 274262 3404242 1.28[1.15;1.41] <0.001
PTT in beats 8+5 10+6 1.43[1.26;1.63] <0.001
PTT in seconds 10+6 12+7 1.39[1.16;1.66] <0.001
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Supplementary Table 4: Stepwise multivariate analysis for prediction of primary
endpoint over baseline parameters

Parameter Partial HR X2 P
value
MAGGIC .
HF Score 1.65[1.42;1.90] 45.2 <0.001
Ischemic
. 2.1[1.46;3.04] 16.1 <0.001
Etiology
Combined Baseline model 65.9 <0.001
Additional Parameter X2 to Partial HR P value
prognostic improve
value
+ CO* 1.9 0.86[0.69;1.06] 0.16
+ Heart rate 1.5 0.91[0.77;1.06] 0.22
+LGE 0.7 1.18[0.8;1.74] 0.41
+cMR LV-EF 0.01 1.01[0.85;1.20] 091
+ ¢cMR-LV-FT-GLS 1.9 1.124 [0.95;1.32] 0.16
+ ¢cMR-RV-FT-GLS 4.7 1.18 [1.02;1.38] 0.03
+ cMR-RV-EF 5.1 0.84[0.72;0.98] 0.024
+ PTT (seconds) 5.2 1.21[1.03;1.41] 0.02
+ PTT (beats)} 12.3 1.35[1.16;1.58] <0.001

Hazard ratio (HR) of continuous values were standardized.
Abbreviations as in Tablel

*Cardiac output by phase contrast was available only in 261 patients.
1 p<0.01 vs PTT seconds, cMR-RVEF and cMR-RVFT-GLS
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Supplementary Table 5: multivariate analysis for prediction of secondary endpoints.

Parameter Partial HR X2 P value
MAGGIC HF 1.56 [1.36;1.78] 40.7 <0.001
Score
Ischemic Etiology 1.44 [1.04;1.99] 8.55 <0.001
Combined Baseline model 46.2 <0.001
Additional Parameter X2 to
prognostic value improve Partial HR P value
+ CO* 0 1.00[0.81;1.24] 0.99
+ Heart rate 0.7 0.942[0.81;1.09] 0.4
+LGE 0.9 1.19[0.83;1.72] 0.35
+ cMR LV-EF 03 0.96[0.81;1.12] 0.57
+ cMR-LV-FT-GLS 3.1 1.22[1.05;1.41] 0.01
+ cMR-RV-FT-GLS 6.9 1.22 [1.06 ;1.39] 0.004
+ cMR-RVEF 9.5 0.79[0.69;0.92] 0.0018
+ PTT (seconds) 16.4 1.34[1.11;1.61] 0.002
+ PTT (beats) 20.1 1.23[1.21;1.60] <0.001

Hazard ratio (HR) of continuous values were standardized.
Abbreviations as in Tablel.

* Cardiac output by phase contrast was available only in 261 patients.
T p<0.05 vs cMR-RVEF and cMR-RV and LVFT-GLS

1 p<0.01 vs cMR-RVEF and cMR-RV and LVFT-GLS
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Supplementary Figure 1 Adjusted survival according to quartiles of PTT. Adjustment for MAGGIC score and

ischemic etiology
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IV. CONCLUSION AND FUTURE PERSPECTIVES
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4.1. FINAL REMARKS AND HIGHLIGHT

The cynic might argue that there is no specific treatment for the right ventricle (RV) and so
the presence of RV dysfunction in heart failure and reduced ejection fraction (HF-rEF) would

be largely academic and therefore will not improve clinical outcomes.

On the other hand, HF-rEF patients have variable prognosis, and the assessment of right
ventricular systolic function is known to be relevant in term of prognosis in these patients.
Indeed, HF-rEF patients with RV dysfunction have a higher risk of mortality than those
without RV dysfunction. Therefore, risk stratification is crucial in this population of HF in
order to provide proper and timely decision regarding aggressive medical treatment, cardiac

device therapies and planning cardiac transplantation leading to improve patient survival.

In our first study, we have demonstrated that speckle tracking echocardiography RV- global
longitudinal strain (STE- RVGLS) deformation techniques were the most accurate
echocardiographic approach for detecting small changes in RV function. It even surpassed
the reproducibility of cardiac magnetic resonance (cMR) RV egjection fraction (EF). This
suggests that STE-RV-GLS could be used clinically to reliably follow patients for
development of subclinical dysfunction in different conditions. Obvious advantages of using
STE over cMR are wider availability and lower costs. Nevertheless, STE has potential
limitations such as the need of high-quality image, the lack of uniformity in software
algorithms(105) and intervendor differences, despite efforts to standardize STE
measurements(77).

Simultaneously, we have pointed out the fact that STE-RVGLS was a more robust measure
of global deformation that RV free wall longitudinal strain. Indeed, despite the fact that the
ventricular septum is mainly a constituent part of the left ventricle (LV), it also true that the
ventricular septum contributes importantly to RV systolic performance. Additionally, the
presence of spatial and temporal smoothing algorithms makes the global average values more
reliable than segmental measurements.

We have also shown that, when taking precautions for uniformity of acquisitions and analysis
due to its still unsolved technical issues, STE could also be useful for evaluation of RV

systolic function in longitudinal studies with a potentially lower cost than cMR.
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By contrast, we did not observe advantages of feature tracking (FT) over conventional cMR,
for reproducibility of LV or RV function assessment. Therefore, we cannot currently
recommend this technique to limit sample sizes in research studies. Meanwhile, acceptance
and analysis of negative findings is an important part of the process of assessing a new
technique as it prompts further improvements. Indeed, the reproducibility of FT-cMR strains
could be theoretically improved by higher temporal and spatial resolution, either through
parallel imaging or iterative reconstruction techniques. Nevertheless, with the compromise
of decreasing signal-to-noise ratio leading to more artefacts and consequently to a less good
tracking.

STE allows more accurate estimates of strain than cMR-FT, mainly due to the presence of
physical markers (speckles) and much higher spatial and temporal resolution(105). Indeed,
STE evaluates speckle motion, while cMR-FT doesn’t distinguish intramyocardial features,
as the grey level distribution in cine SSFP images is relatively homogenous. Indeed, cMR-
FT-RVGLS often failed to adequately track the base of the RV especially in subjects with

relatively vigorous annular motion or in presence of flow artifacts.

Finally, cMR-FT showed significantly lower strain value than STE. This fact is in
accordance with our previous works comparing STE to tagging(121) The most likely
explanation for this is that STE software provide more endocardial strain estimates than
cMR-FT software which provide mid-ventricular strain. Also, the lower frame rate of FT-

c¢MR could also explain lower strain values than STE(105).

Furthermore, in line with previous publications, we have confirmed in our second study that
right ventricular dysfunction is a strong independent predictor of overall and cardiovascular
mortality in patients with HFrEF. The use of STE-RV-GLS was the most powerful
echocardiographic parameter to assess RV dysfunction and had higher prognostic value than
c¢MR derived RVEF. More importantly, our study strengthens and expands previous studies
by showing that RV-GLS by echocardiography may provide similarly or

even better risk prognostic value than cMR-RVEF. This simple echocardiographic
measurement, which can easily be performed at bed site, could thus avoid less accessible and

more costly cMR exams for risk stratification.
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Finally, since the assessment of pulmonary congestion is known to be relevant in HFrEF, we
performed our last study assessing the PTT in 410 HF-rEF patients. Indeed, Pulmonary transit
time is strongly correlated with pulmonary congestion and left and right ventricular systolic
function. However, when applied to HF-rEF patients, PTT is mainly correlated with RV

systolic function and pulmonary congestion.

We have demonstrated that cMR-PTT assessment is a simple, robust, and highly reproducible
parameter, which might allow detection of pulmonary congestion non-invasively and which
had significant and prognostic value over the MAGGIC score, ischemic etiology, estimated
pulmonary artery pressure by echocardiography and cMR parameters such as RVEF in HF-
rEF both to predict mortality and HF hospitalization.

To argument this statement we highlight the following aspects, representing the core finding

of our work:

1: Right ventricular dysfunction is a strong independent predictor of overall and

cardiovascular mortality in patients with HFrEF.

2: 2D-STE-RV-GLS had higher test-retest reliability to assess RV systolic function than not
only RV-STE- free wall longitudinal strain (FWLS), tricuspid annular plane systolic
excursion (TAPSE), RV- fractional area change (FAC), and FT-RV-GLS, but also cMR-
RVEF.

3: cMR-FT-RV-GLS do not seems to be a reliable parameter to assess RV systolic function

since its test-retest reliability was extremely poor.

4: STE-RV-GLS have a better interstudy-reproducibility and a slightly better predictive value
of mortality than RV-FWLS in HFrEF.

5: The predictive value of 2D- STE-RV-GLS was superior to cMR-LVEF, cMR-RVEF, FT-
RVGLS, TAPSE and FAC for both overall and cardiovascular mortality.
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6: PTT measurements can be easily obtained automatically from routine clinical cMR scans

without any additional cost with high intra-, inter and test-retest reproducibility.

7: PTT was independent of eSPAP and RVEF in predicting long-term mortality and a
combined endpoint of CV mortality and HF hospitalization with a greater additional
additional prognostic value than cMR-FT- RV and LV and RVEF over a strong baseline

model including well-validated parameters in patient with heart failure.

In conclusion, 2D-STE-RVGLS is more reproducible and may provide similarly or even
better prognostic value than cMR-RVEEF in HFrEF. Importantly, it is cheap, fast, reliable and
widely available. PTT assessed by cMR can be automated and may also provide a better
prognostic value than cMR-RVEF in predicting mortality in HFrEF.

Therefore, from our research experience, RV systolic function by 2D-STE-RVGLS and
pulmonary transit time by cardiac magnetic resonance should be systematically analyzed in
clinical practice for risk stratification and identification of HFrEF patients at high risk of
death and acute heart failure which potentially could benefit from more intensive monitoring
and therapy.

Nevertheless, the retrospective design in a single center, as well as the use of a single vendor
software for right ventricular strain analysis were our main limitations. Larger, carefully
constructed clinical studies should confirm the value of STE-RV-GLS and PTT in such
populations in prospective, multicenter design and using different softwares to allow more

general recognition of this method for HFrEF patient risk stratification.

4.2. FUTURE PERSPECTIVE

In the 21st century, we have witnessed a massive expansion in the armamentarium of
noninvasive imaging technologies capable of providing detailed information about the
structure and function of the heart and vasculature. Significant advances in
echocardiography, cMR, nuclear imaging and computed tomography have added to our
arsenal of improved testing to diagnose disease and improve patient care. Indeed, all imaging
technologies have undergone continual improvements to a point that imaging has become

essential in both clinical practice and research. Advanced cardiac imaging is and will remain
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an integral part of structural heart programs.

Heart failure patients demand constant follow-up with baseline imaging. Indeed, Imaging
guides treatment for the improvement of heart failure patients and further significant
advances in this field are going to require better selection of treatment for specific patients.
Hence, we believe that successful therapy will be dependent on selecting patients with RV
dysfunction such as synchronization device therapies, defibrillator and with already some
optimism, pulmonary vasodilators because it would seem logical hypothesis to aim more

aggressive treatment at these patients.

Therefore, a correct and attentive evaluation of RV morphology and function is mandatory
in HFrEF patients, as this might be the key in predicting outcome. One challenge for
biomedical engineers is to develop better, non-invasive automatic methods for measuring RV

function and efficiency of hemodynamic coupling.

Tissue tracking technology is a continuously developing field and is submitted to intense
research hypothesis testing. A large number of tissues tracking technologies are available to
assess right ventricular myocardial strain, and while this is clearly a sign of development and
progress, it is also an indicator that none of these methods are good enough on its own. Also
the large number of alternative methodologies makes it likely that inconsistencies in results
will continue to prevail (161). Cross-platform standardization is still needed in order to
expand deformation imaging methods beyond the current research-oriented environment.
Indeed, despite the large amount of accumulated data since its early development, myocardial
strain quantification has not reached the intended practical application and does not replace
or complement the traditional evaluation by EF. Importantly, it is still load dependent.

New promising tool are knocking at the door of clinical practice such as myocardial work
with a correction for afterload via blood pressure and three-dimension cMR since it may
reduce variability particularly near the apex and base where partial effect leads to large
variation. However, quibbling over which is the best measure should not obscure the
importance of measuring the RV with something in heart failure.

Overall, the future of cardiac noninvasive imaging looks also toward fully automated
measurement and diagnostic using machine learning. The goal will be to improve speed and

quality of acquisition, reduce measurement time and allow prompt diagnoses, which in turn
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would improve workflow and patient care. Although artificial intelligence (Al) is very
exciting, many steps need to be undertaken for this approach to be translated into everyday
clinical practice. Indeed, in the near future, the value-adding potential of Al will not be to
replace the doctor, but it will be most likely to be an intelligent precision medicine tools for
imaging specialists and clinicians. Importantly, I truly believe that the data will be one day

in a secured collaboration based-cloud platform.

Finally, but not less importantly, we truly believe that patient target education and close
structured follow-up using virtual care will also improve significantly the prognosis of

HFrEF patients in modem cardiology.

Therefore, our future research will be certainly focused on evaluating PTT assessed by
echocardiography and pulse contour cardiac output; evaluating the feasibility and
reproducibility of 3D-STE-RVGLS latest software and comparing the prognostic value of
PTT assessed either by echocardiography and cMR with STE-RVGLS in HFrEF.
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