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Introduction

Heart failure (HF) has a high socio-economic impact on a global scale, because of its
high morbidity and mortality. There have been important advances in the therapeutic and
diagnostic tools involved in HF, with consequent improvement of survival and quality of
life in this patient population. One of the main diagnostic tools in HF is echocardiography.
Echocardiography helps classify HF patients into three main categories: HF with preserved
ejection fraction (HFpEF), HF with moderately-reduced ejection fraction (HFmrEF) and
HF with reduced ejection fraction (HFrEF). HFmrEF is a recent addition to the HF
guidelines and has been previously included in the HFrEF category. HFrEF has received
the most attention in the past decades, with important therapeutic advances, both
pharmacologic and interventional. Most therapeutic decisions in HF patients are based on
the measurement of the left ventricular ejection fraction (LVEF). The decision to implant
cardiac devices, such as internal cardiac defibrillators (ICD) and cardiac resynchronisation
therapy (CRT), is dependent of LVEF assessment. Bidimensional echocardiography (2DE)
is the main method used for the assessment of LVEF in current clinical practice. The
chamber quantification guidelines recommend the use of the Simpson biplane method for
the calculation of LVEF by 2DE, a method which uses geometric assumptions. The use of
geometric assumptions for the calculation of LV volumes (LVV) is conducive to important
errors in patients with LV remodelling, which is the case of many of those with an
ischemic substrate.

The “gold standard” for the measurement of LVEF and LVV is cardiac magnetic
resonance (CMR). However, this method is not widely available and is associated with
high costs and contraindications.

The present work is focused on the evaluation of the feasibility and reproducibility
of three-dimensional echocardiography (3DE), a novel imaging technique, which
combines the three-dimensional nature of CMR and wide availability of 2DE.
Furthermore, we aimed to evaluate whether 3DE could improve the risk stratification in a

population of patients with HFrEF and HFmrEF, when compared to 2DE.



I. CURRENT KNOWLEDGE

1. General notions on heart failure

1.1 The definition of heart failure

Heart failure is a syndrome with specific symptoms, caused by structural or
functional cardiac changes with consequent reduction of cardiac pump or filling properties.

The main symptoms involved in HF are fatigue and dyspnoea on physical exertion
which, later in the disease course, can manifest during rest. These symptoms are often
associated with clinical signs such as jugular distension, inspiratory crackles on pulmonary
auscultation and pitting oedema.

The definition of HF from the current guidelines [1,2] is based on the symptomatic
phase of the disease. However, some patients do not exhibit any symptoms, but have
demonstrable structural or functional cardiac changes on cardiac imaging, which precede
the symptoms.

1.2 The classification if heart failure

The widely known HF classifications are based on different aspects of the disease
and can be used in a complementary manner. The “American College of Cardiology
Foundation/American Heart Association” (ACCF/AHA) classification describes the stages
of HF according to their natural progression — firstly, according to structural changes and
secondly, according to symptoms. On the other hand, the other widely used HF
classification, the “New York Heart Association” (NYHA) classification, uses the severity
of the HF symptoms for stratification, without considering the structural changes.

Another essential HF classification is based on LVEF. According to the 2016 HF
Guidelines [1], HF is classified as : HFrEF — LVEF<40%, HFmrEF — LVEF 40-49% and
HFpEF - LVEF>50%. HFmrEF is a recent addition to the HF classification and includes
patients with LVEF which have been frequently excluded from the fundamental HF
clinical studies, previously classified as HFrEF. The classification according to LVEF
allows for a separation in the overall risk profile and response to treatment, as has been
shown for HFrEF [3] and HFpEF [4]. HFmrEF is a category which warrants further
studies, as the current information on its characteristic is limited.

1.3 The aetiology if heart failure

Heart failure with reduced EF and HFpEF have entirely different epidemiologic and

etiologic characteristics. Patients with HFpEF are more frequently elderly, predominantly



female, with a history of hypertension (HT) and atrial fibrillation (AF), compared to
patients with HFrEF. In opposition to HFpEF patients, those with HFrEF have a high
prevalence of cardiac ischemic disease.

Patients who fit in the HFmrEF category have characteristics which are found in the
risk profile of both HFrEF and HFpEF, so further studies are warranted. The data emerging
from the latest trials suggests that HFmrEF patients are frequently elderly, female, with
high prevalence of HT, diabetes mellitus (DM), which are commonly associated with
HFpEF, as previously mentioned [5]. However, they also have a higher prevalence of
cardiac ischemic disease compared to HFpEF patients, which is a trait they share with
HFrEF [6]. Given these finding, it is hypothesised that HFmrEF could be an intermediary
step between HFpEF and HFrEF in those with ischemic substrate before the occurrence of
cardiac remodelling.

The etiology of HF varies in different populations, with multiple causes contributing
to HF in one individual. As previously mentioned, the most frequent cause for HFrEF is
cardiac ischemic disease, however dilated cardiomyopathy is also prevalent in some
populations. Other causes of HF with structural changes of the myocardium are
cardiotoxicity from alcohol overuse or chemotherapy, infiltrative diseases and various
genetic cardiomyopathies (hypertrophic cardiomyopathy, arrhythmogenic cardiomyopathy,
laminopathies). Other important and frequent causes of HF involve cardiac filling changes,

in valvular heart disease and pericardial diseases.



2. Heart failure diagnosis

The diagnosis of HF is based on a combination of symptoms and signs and is
completed by a thorough patient history, cardiac markers and cardiac imaging, in order to
establish the severity of the disease, the etilogy and prognosis.

2.1 Evaluation using bidimensional echocardiography - general data,
advantages and disadvantages compared to cardiac magnetic resonance

Transthoracic echocardiography is an essential imaging method in the evaluation of
HF patients because of its availability and cost-efficiency.

The evaluation of the LVEF is of major importance for the HF patient and the
current guidelines indicate the use of 2DE [7], namely the Simpson biplane method. As a
alternative, the guidelines also suggest the use of 3DE for the calculation of LVEF, but
only in experienced laboratories. The measurements performed with 3DE have been shown
to be more accurate than 2DE, making them closer to the “gold standard”, which is CMR.

The measurement of LVV is an integral part of LVEF measurement, as well as
cardiac regional wall motion abnormalities, both contributing to the overall etiologic
assessment.

The evaluation of the diastolic function is routinely performed in all HF patients
but is particularly useful in the diagnosis of HFpEF. The assessment of the diastolic
function involves various echocardiographic parameters, classified as functional and
structural. From a functional perspective, the diastolic profile is central, and it is
determined through the measurement of the E and A waves (E/A), as well as E’ on tissue
Doppler (E/E’). The functional evaluation is completed with the structural evaluation,
which includes the measurement of le left atrial volume (LAV), using the indexed values,
as well as the LV mass.

The integration of the previously described parameters can clarify the diagnosis of
HFpEF and can complete the evaluation of those with HFrEF and HFmrEF.

The evaluation of the right ventricle (RV) is mandatory in all HF patients. The
evaluation is firstly structural — the RV diameter, RV area, as well as functional- the
tricuspid annulus systolic excursion (TAPSE), fractional area chage (FAC), and in
experience centers, E3D can be used to calculate the RV ejection fraction (RVEF) and RV
volumes. The right heart assessment can be completed by the quatification of the right
atrial (RA) dimensions, as well as pulmonary pressure estimation, as pulmonary

hypertension (PHT) can have important prognostic implications.



Any echocardiographic assessment of HF patients includes valvular disease
diagnosis.

Bidimensional ecocardiogprahy is useful for the practicing clinician as it offers a
complex assessment of the HF patiens, as previously shown, and is widely available, cost-
efficiency and short length of examination, compared to CMR, which is generally
unavailable in low-income countries, has high costs and a long examination time which
can cause significant discomfort for the patient. Both imaging techniques have the
advantage of not exposing the patient to ionizing radiation.

There are limitations to both 2DE and CMR. 2DE has limited feasibility in patients
with obesity and pulmonary emphysema. On the other hand, CMR cannot be used in older
generation cardiac device recipients, those with abandoned cardiac leads. In conclusion,
none of these imaging methods can evaluate all patients with HF.

The accuracy of CMR is higher than that of 2DE for any volumetric assessment, as
well as the LV mass [8]. The superiority of CMR in the measurement of cardiac volumes
derives from its three-dimensional nature, with high spatial and contrast resolution [9].
2DE underestimates cardiac volumes because it uses geometric assumptions. Furthermore,
some of the errors in the 2DE measurements also derive from inadequate acquisitions,
generally as a consequence of the phenomenon known as “foreshortening”. Regardless, the
only standardisation of cardiac volumes available is derived from 2DE [7]. This is not true
of RV volumes, as there are no formulas capable of appreciating the volume of such a
complex shape. 3DE can be used to measure RV volumes and RVEF, but the current “gold
standard” remains CMR.

The LVEF calculated using 2DE has been found to be overestimated when
compared to CMR [10, 11]. An improvement of the 2DE measurements can be obtained
after the use of contrast, for a better delineation of the endocardium [11].

The superiority of 2DE in the evaluation of HF patients is in the diastolic function
evaluation, which is not a feature of CMR. Valvular disease severity is also better achieved
with 2DE.

Regarding the reproducibility of 2DE measurements, evidence by Otterstad et al
[12] show good intra-observer and inter-observer reproducibility for LVV and LVEF,
using the same images. However, the reproducibility is reduced for test-retest
measurements, when several factors contribute to errors, such as physiologic factors, the
angulation of the probe during image acquisition and, last but not least, the experience

level of the user. On the other had, CMR has a superior reproducibility that 2DE for the
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intra-observer and inter-observer measurements, as well as the test-retest measurements for
LVV and LVEF [9].

For both methods, there is a degree of variability in the measurements according to
the experience of the user, however, the variability is lower for the CMR measurements
[13]. One proposed explanation for the lower reproducibility of 2DE is the higher degree
of error sources, especially in a less experienced user, errors than can be derived from both
the image acquisition, as well as the image analysis.

In conclusion, both 2DE and CMR are imaging methods with good feasibility,
accuracy and reproducibility in the diagnosis and follow-up of patients with HF, however
none are able to provide a complete assessment, the combination of the methods in one
individual patient is considered ideal.

2.2 Evaluation using there-dimensional echocardiography- general data,
advantages and disadvantages compared to cardiac magnetic imaging

Three-dimensional echocardiography is an imaging method which continues to
evolve since its introduction in the field of cardiology. The main advantage of 3DE is its
ability to evaluate the cardiac chambers in all their dimensions, without the use of
geometric assumptions. 3DE has been studied in the evaluation of HF patients and has
shown significant value in the measurement of cardiac volumes, particularly LVV and RV
volumes (RVV). Furthermore, 3DE has an incremental role in the evaluation of valvular
disease and is currently incorporated in standard transoesophageal evaluation for valvular
disease.

The accuracy of LVV by 3DE has been shown to be superior to 2DE in several
studies. The same has been shown for the reproducibility of the measurements [14]. Given
its superior accuracy and reproducibility, the current guidelines recommend the use of 3DE
for the measurement of LVEF and LVV, in experienced centres.

Regardless of its superior accuracy and reproducibility when compared to 2DE, the
3DE underestimates LVV in comparison to CMR [15]. The main explanation for this
difference is believed to be derived from the lower spatial resolution of 3DE, which make
the differentiation of the endocardium from the LV trabeculae a challenge. The addition of
contrast material to the 3DE evaluation has been attempted, but with limited results [11].
Furthermore, 3DE derived LVEF has been shown to be lower than 2DE LVEF, but still
overestimated when compared to CMR [15].

Regarding the atrial volumes, most studies have been focused on the LA. Similar to

LVV, the LAVs measured by 3DE are more accurate than 2DE, when compared to CMR
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and have good reproducibility [16]. Given the improved accuracy of LAV by 3DE, there is
a need to define the normality intervals for this technique, as they are not superposable to

2DE. The ultimate result could then be a reclassification of diastolic dysfunction.

3. Prognostic factors in heart failure with reduced ejection fraction

Heart failure is associated with high incidence and prevalence in the general
population, with major socio-economic impact. Regardless of the information gained about
the pathophysiology of HF and novel therapeutic solutions, the mortality in HF remains
high.

The best-known prognostic factor for mortality in HF is LVEF. Its prognostic value
has been validated in numerous major clinical trials, such as the CHARM study [17],
which had as a primary objective the impact of valsartan on mortality in a wide variety of
patients with HF. On follow-up it has been concluded that LVEF correlates strongly with
cardiovascular mortality and HF hospitalisation, with a rise in the number of events with
every 10% of LVEF decline. There was no correlation reported between LVEF and stroke
or non-cardiovascular deaths. The value of LVEF in the prognosis of patients with HFrEF
has been confirm in another major trial, the Val-HeFT study [18].

Another prognostic tool in HFrEF, which can be added to LVEF, is the diastolic
profile. Evidence shows that a restrictive diastolic profile is associated with a worse
prognosis [19]. The reversibility of the restrictive profile using pharmacologic challenge
with nitro prussiate has also been linked to a worse prognosis when a reversibility cannot
be attained [20].

Another imaging tool used in the prognostic assessment of HFrEF is the RV
function. The initial studies that confirmed that a depressed RV function is associated with
a worse prognosis used ionizing techniques such as radio isotopic ventriculography [21]
and cardiac catheterisation [22]. Currently, RV evaluation is performed with 2DE. The
most frequently used parameter is TAPSE, because of its ease of use and good prognostic
value which has been shown in numerous studies [23,24]. The prognostic value of TAPSE
is further increased by adding PAP, as some studies have shown [23]. Another prognostic

factor derived from the 2DE evaluation of the RV is FAC, showing an inversely



proportional relation to prognosis. Furthermore, recent studies have shown a added value
of RV free wall S’, compared to TAPSE and FAC [25].

In recent years, LAV has also been shown to be a prognostic marker in HFrEF.
Some studies have shown that LAV derived from 2DE has independent predictive value in
patients with HFrEF and a superior value in the prognostic evaluation, when compared to
the diastolic profile [26]. Furthermore, LAV derived fron 2DE has been shown to have
prognostic value in other pathologies and even in populations of normal individuals [27],
which warrants further studies centred on this parameter.

Three-dimensional echocardiography has recently been introduced as an alternative
to 2DE in the evaluation of cardiac volumes and is gathering evidence regarding its
prognostic value in HFrEF, predominantly showing a superior value to its 2DE

counterparts.



4. Prognostic parameters in heart failure with moderately-reduced

ejection fraction

Heart failure with moderately-reduced ejection fraction is a recent addition to the
current HF guidelines. As such, there is limited knowledge on the progression of this
subgroup of patients or whether they have a different pathophysiology.

As previously mentioned, patients with HFmrEF have some common elements with
HFpEF, such as age, the predominance of female gender, HT and DM [5.6]. However,
these patients are known to have a higher prevalence of ischemic heart disease, similar to
patients with HFrEF. As such, it is clear that the prognostic factors for HFpEF and HFrEF
are not superposable for HFmrEF. However, according to the CHARM study [17], patients
with LVEF<45% have a higher mortality compared to those with LVEF>45%.

Furthermore, a large study developed in Sweden has shown renal failure to be a
marker for poor prognosis in patients with HFmrEF and HFrEFm compared to the
predictive value it has in those with HFpEF [27]. In another similar in structure study, it
has been shown patients with HFmrEF who are older than 85 years and have associated
pulmonary obstructive disease have a worse prognosis [28].

The clarification of the etiology and pathophysiology of HFmrEF is needed in order
to better understand whether it is a separate entity or it is a transitional phase between
HFpEF and HFrEF.
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1. PERSONAL CONTRIBUTIONS

5. Work hypothesis and general objectives

Three-dimensional echocardiography is a relatively new imaging technique, that
promises to be superior to 2DE in accuracy, as well as reproducibility for the measurement
of cardiac volumes[14,15], however the evidence is still scarce and further studies are
needed in order to introduce it into common clinical practice. The current guidelines [7]
recommend using 3DE for the measurement of cardiac volumes and LVEF only in centres
with experience in the method. Furthermore, the same guidelines encourage research using
this method.

In order to further the research using 3DE, we have evaluated this technique, in
comparison to 2DE, in a population of patients with HF, one of the most prevalent
cardiovascular pathologies encountered in the population. The potential implications of a
novel imaging technique that evaluates LVEF is the reclassification of patients with an
indication for device therapy. Furthermore, we propose the 3DE evaluation of all cardiac
chambers with the aim of establishing their prognostic value, in a population of patients
with HFrEF and HFmrEF.

The main objectives of this study are as follows:

e To establish the feasibility and reproducibility of 3DE in comparison to 2DE, in a
population of patients with HFrEF and HFmrEF;

e To establish the prognostic value of 3DE compared to 2DE, in a population of
patients with HFrEF and HFmrEF.
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6. Research method

We aimed to achieve our previously stated objectives by means of a prospective
study, of observational nature, that included patients with HFrEF and HFmrEF, admitted to
the Cardiology department of the University and Emergency Hospital Bucharest, for HF
decompensation, starting 2015. The study has been approved by the Committee of Ethics
of the Hospital, and all the patients included in the study have signed an informed consent.

The exclusion criteria are as follows: acute myocardial infarction, severe valvular
disease, permanent atrial fibrillation, inadequate acoustic window, and inability to maintain
breath-hold instructions during echocardiographic acquisitions.

All patients have been evaluated with 2DE and 3DE during hospitalisation, after
compensation of HF symptoms, without medical interventions between the acquisitions.
The same rules have been applied to the test-retest evaluation, which has been performed
by two users with different levels of training in echocardiography.

At baseline visit, demographic data were documented, as well as NYHA class,
previous medication, underlying etiology, NTproBNP value at admission.

The patients were followed-up remotely and, at 5 years, the study endpoints were
documented: cardiovascular mortality, heart failure decompensation and a composite
endpoint (CE) of mortality, Hf hospitalisation and myocardial infarction. The data were

obtained via phone contact with the patient and patient family.
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7. The reproducibility of left ventricular volumes and left ventricular
ejection fraction measured by 2DE versus 3DE, in patients with heart
failure with reduced ejection fraction and moderately-reduced ejection

fraction, according to level of expertise

7.1 Introduction

The accuracy of LVV and LVEF is essential in patients with HFrEF in order to
establish the indication for disease-modifying pharmacologic treatment, as well as
interventional treatment, particularly for patients with LVEF<35%. Furthermore, serial
measurements of LVV and LVEF are essential in patient follow-up [29] and prognosis [30-
32]. The main tool used for these measurements is 2DE because of its availability, good
reproducibility and low costs [33]. However, 2DE uses geometric assumptions for LVV
measurement, which can lead to errors in the measurement of enlarged and asymmetrical
LVs [34]. Two-dimensional measurements are also affected by foreshortening, with a
consequent reduction in reproducibility and accuracy [35].

Conversely, 3DE can overcome the previously mentioned limitations of 2DE and
provide better reproducibility and improved accuracy when compared to the “gold
standard” of CMR [36].

Our study aims to evaluate the feasibility and reproducibility od 3DE LVV and
LVEF measurements, when performed by users with different levels of expertise in 2DE
and 3DE.

7.2 Method

60 consecutive patients were included, with the diagnosis of HFrEF and HFmrEF,
hospitalised for HF decompensation. The inclusion and exclusion criteria have been
described in detail in Chapter 6.

All 2D and 3DE acquisitions were obtained by one expert user, with more than 5
years of experience in both 2D and 3D echocardiography, during the same
echocardiographic study, using a commercially available echo machine (Vivid E9, GE
Vingmed, Horten, Norway).

Echopac BT 12, GE Vingmed).

Three cardiologists from our echocardiography laboratory, with different levels of
training in 2DE, were named beginner (6 months of experience in 2DE, with 300

echocardiograms performed), medium (1 year of experience in 2DE, with 600
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echocardiograms performed) and advanced (>2 years experience in 2DE, with more than
1000 echocardiograms performed) . The expert user performed a 1-month training in 3DE
for the beginner, medium and advanced users, by focusing on how to measure the LVVs
and LVEF from the 3DE data

sets. Theoretical and practical notions were delivered to the trainees, to align their
workflow with the general recommendations.

The expert user and all the other users measured the same LVV and LVEF from
the 2DE and 3DE acquisitions, blinded to the identification information. The
measurements were performed offline with the Echopac software.

Statistics. Continuous data are expressed as the mean + standard deviation,
whereas categorical data are expressed as the frequency or percentage (%). Measurements
of LVVs
and LVEF performed with different echocardiographic methods were compared using
Student’s t-test analysis. Pearson correlations were used to compare the measurements
performed by the expert, beginner, medium and advanced users. The intra-observer
reproducibility of the measurements was assessed using intra-class coefficients (ICCs),
while agreements between methods and trainees were expressed using Bland Altman plots.
A p value <0.5 was considered to indicate significance. Data analysis was performed using
statistical software analysis (SPSS 20, IBM) and MedCalc (MedCalc Software).

7.3 Results

Comparison between 2-DE and 3-DE measurements of LVVs and LVEF
provided by trainees in 3D echocardiography

The beginner, medium and advanced users provided 2-DE measurements of LVVs
and LVEF that correlated with the measurements provided by the expert user (Figure 7.1).
Moreover, the beginner, medium and advanced users provided 3DE measurements of
LVVs and LVEF that highly correlated with the measurements provided by the expert user
(Figure 7.2). Compared with the 2DE measurements performed by the expert user, the
trainees in echocardiography exhibited good reproducibility of LVVs, but lower
reproducibility of LVEF. However, after only a 1-month training in 3DE, the trainees
provided more reproducible results for LVVs and LVEF measured by 3DE, as compared
with the measurements performed by the
expert user in echocardiography.

Agreement analysis using Bland Altman plots revealed no systematic biases for the

measurements of LVEDVs performed with 2DE. However, the trainees exhibited a
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tendency to underestimate LVESVs when using 2DE. Therefore, trainees tended to
“overestimate” LVEF calculated with 2DE, by comparison with the LVEFs calculated with
3DE. Conversely, there were no systematic biases between the measurements of LVVs and

LVEF provided by the expert user and the trainees when using 3DE.

R=0.94 = R=0.93 o @ R=0.93 £

LI o
. P<0.001 P<0.001 - P<0.001 o

v
.

H e
=3 R P

°,
e
-

2D_LVEDV_Expert
%
o
=l o
P4
o
2D_LVEDV_Expert

2D_LVEDV_Expert

o ke ke ahe B ko mho ko who oo W A om
2D_LVEDV_Beginner 2D_LVEDV_Medium 2D_LVEDV_Advanced

“7 R=0.93 ® “ R=0.94 ° || = Rr-0.96
W P<0.001 v .| P<0.001 - . P<0.001 &
4 ;

00
1004 °
°
o

2D_LVESV_Beginner

2D_LVESV_Expert

2D_LVESV_Expert
’b'
e
o
2D_LVESV_Expert
3 5 8
H

o 1000 200, 000 4000 100 200 300
2D_LVESV_Medium 2D_LVESV_Advanced

" R=0.75 : R=0.83 Al *] r=0s83
£ P<0.001 Tl ee000r, 7| pecior .
B wE » 2 ,"; P _% * Cr
| i« EE x
i NPl 8 p
it d L I

i Mgy w Mo

a® " =]
D AVEr Beginner T e © " 20, LVEF Advanced

Figure 7.1 Correlation between LVV and LVEF by 2DE measured by the expert user and

the users with various levels of training in 2DE

R=0.97 . | R=0.97 o | w Re007 "4’
P<0.001 4 «w!  P<0.001 7 P<0.001 )
i ./,.?’ H ,1"} £ ‘/'/
g &2 Bl .
3
K 3
4" el g~
" a0 Lveov segir e ™ 3o Lveov_advanced
R=0.94 . R=0.96 o R=0.97 &
s ™ P<0.001 £l P<0.001 2 =l P<0.001 g
;.’ & ".‘,” : 0of®
£ -"’ g
8| . 8 ”‘ 8
wl o
0 '_,t’ e

aohn 10 2o 300
3D_LVESV_Advanced

1 b0 3000 1000 2000 3000
3D_LVESV Beginner 3D_LVESV_Medium

"1 R=0.89 "l R=0.91 "l R=0.90
_®| P<0.001 .= Ppeo.002 ). <0002 -
S o el g = g e
AN S Sl 5 . gt
E H g A=

_,al m " m

R - @ L]

o s e s ]
3D_LVEF_Beginner 3D_LVEF_Advanced

Figure 7.2 Correlation between LVV and LVEF by 3DE measured by the expert user and

the users with various levels of training in 2DE

7.4 Discussions
Measurements of LVVs and LVEF are important determinants of clinical decisions

in patients with HFrEF and frequently used as an endpoint in clinical trials [32, 37, 38].
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The most frequently used technique for assessing LV size and function is 2DE because it is
a rapid, non-invasive and cost-effective technique [34]. However, measurements of LVVs
and LVEF by 2DE are limited by the geometric assumptions of left ventricular shape

and by the foreshortening of the left ventricle, which reduce both the accuracy and
reproducibility of the method [40].

Our study indicates that 3DE can be used by cardiologists with different levels of
training in 2DE, after a short period of training in 3DE, with similar feasibility, but better
reproducibility than 2DE. The main results of our study indicated that, in patients with
HFrEF and HFmrEF, with a wide range of left ventricle shapes, LVVs and LVEF, 3DE
provides feasible and more reproducible measurements of the LVVs and LVEF than 2DE,
when used by novel trainees in 3DE, regardless of their basic level of training in 2DE;
there is substantial agreement between 3DE and 2DE in measurement of LVEF, when used
by trainees with different basic levels of training in 2DE and after just 1 month of training
in 3DE.

Jenkins et al. [41] showed that 2DE has superior feasibility in the measurement of
LVV and LVEF compared to 3DE. As expected, our trainees obtained feasibilities for 2DE
measurements in line with their level of expertise in 2DE. However, after only 1 month of
training in 3DE post-processing, trainees obtained similar feasibility for 3DE
measurements of LVVs and LVEF, irrespective of their basic level of training in 2DE.

It was reported that reproducibility is lower when measuring LVVs and LVEF with
2DE than with 3DE, and this limitation might be overcome by the use of contrast agents in
the 2DE techniques [42]. In our study, when the 2DE measurements provided by trainees
were compared with those of the expert user, their reproducibility was in line with their
basic level of training in 2DE. However, when compared again with the expert user, the
trainees had increased reproducibility in 3DE measurements regardless of their basic
training in 2DE.

Our study indicates that 3-DE might be a more accurate and reproducible method for
following up patients with various LV shapes and volumes after a short period of training
in 3-DE.

To the best of our knowledge, there is only one study that mentions the benefits of
3DE when comparing its use by experienced and non-experienced observers, which has
been conducted by Hien et al [43]. The study was performed with transesophageal
echocardiography and aimed to compare how experts and beginners localize the prolapsing

segments of the mitral valve in patients with organic mitral regurgitation. Our study found
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that trainees in echocardiography might have increased accuracy and reproducibility for
3DE measurements of LVVs and LVEF performed in patients with dilated left ventricles
and a

wide range of LVEFs, by comparison with 2DE. As such, we consider 3DE to be a good if
not even superior method for the serial measurements of LVV and LVEF in patients with
HFrEF and HFmrEF, even when the examination is performed by beginners in the
technique.

A recent meta-analysis reported that 3DE is the method with the highest accuracy
in measuring LVEF, by comparison with CMR [44]. In our study, the LVEFs measured
with 3DE by each of the echocardiographers included in the study were lower than the
LVEFs measured with 2DE. Our results agree with another study [45], which indicated
that 3DE usually
provides lower LVEF values than 2DE.

7.5 Conclusions

Trainees with different basic levels of expertise in 2DE, after only 1 month of
training in 3DE, provided more reproducible measurements of LVVs and LVEF than
obtained with 2DE. The increased reproducibility of the 3D measurements was not related
to the basic level of training in 2D echocardiography, Therefore, 3DE might be a feasible
and more reliable method for the follow-up of patients with HFrEF and HFmrEF, with

dilated and distorted left ventricles.
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8. The reproducibility of 2DE versus 3DE for the measurement of left
atrial volumes, in patients with heart failure with reduced ejection
fraction and moderately-reduced ejection fraction, according to level of

expertise

8.1 Introduction

The assessment of the left atrium (LA) has gained significant interest in recent
years because of its diagnostic and prognostic role in cardiovascular diseases.

The LA size is a key variable in the diagnosis of diastolic left ventricular
dysfunction [46]. Consequently, LA size and function play a role in the diagnosis of heart
HFpEF, whose main underlying mechanism is diastolic LV dysfunction [47]. Left atrial
size has been shown to be a predictor of survival in cardiovascular pathologies, such as
ischemic cardiomyopathy [48] and HFrEF [49].

The main method used in the assessment of LA size is transthoracic
echocardiography, due to its availability and cost-efficiency. For the estimation of LA size
using 2DE, the current guidelines recommend the calculation of maximum LA volume
(LAV_max) using either the disk summation (BD) or the area-length (AL) biplane
algorithms [7]. However, these measurements rely on geometric assumptions and are
potentially biased by foreshortening. Three-dimensional echocardiography eliminates these
biases and has been more accurate than 2DE in measuring LAVs when compared to CMR
[50]. Furthermore, 3DE has been shown to be a feasible method, with reproducibility
superior to 2DE for LAVs [50, 51].

We aime to assess the feasibility and reproducibility of 3DE measurements of
LAVs, when used by operators with different levels of expertise in 3DE, in comparison to
2DE.

8.2 Method

30 patients were enrolled prospectively (59114 years, 20 male), in sinus rhythm.
The inclusion and exclusion criteria are described in Chapter 6.

The study design included two users, with similar levels of expertise in 2DE (over
2 years experience with 2DE, over 1000 echocardiographic examinations performed), but
different levels of expertise in 3DE. The users were defined according to their level of

expertise in 3DE, as Beginner (6 months in practical and theoretical training in 3DE) and
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Advanced (over 4 years experience with 3DE). The two users performed complete 2DE
and 3DE acquisitions of the patients, during the same clinic visit.

Intra-observer variability and intra-observer measurements were performed
according to the known method. Test-retest variability was determined by measuring
different datasets, acquired by the Advanced user and the Beginner user. The
measurements were performed by the Beginner user.

Statistics. The methods used were described in Chapter 7.

8.3 Results

The Advanced user measured both 2DE and 3DE datasets in all patients. Mean
LAV_max was 80£24 ml when calculated with 2DE using the AL method, 78+16 ml using
the BD method, and 84+34 ml when measured with 3DE. Mean LAV_min was 45£23 ml
when calculated with 2DE using the AL method, 40+23 ml using the disk summation
method, and 40£16 ml when measured with 3DE.

Intra-observer variability

As expected, there was good intra-observer reproducibility for the 2DE
measurements, particularly for the LAV_max. However, a similarly good reproducibility
was documented for the 3D measurements of the LAV_max and superior reproducibility
was documented for the LAV_min, when performed by a user with beginner level in 3DE
(Table 8.1).

Agreement analysis using Bland-Altman plots revealed no systematic bias for the
LAV_max or LAV_min measured by 2DE or 3DE. The limits of agreement between the
2DE and the 3DE measurements of LAV_max were similar, however 3DE measurements

of LAV_min were considerably tighter (Table 8.1).

2D LAV_max 2D LAV_max 2D LAV_min 2D LAV_min 3D LAV_max 3D LAV_min

Area Length Biplane Area Length  Biplane
ICC 0.98 0.99 0.95 0.95 0.97 0.99
ClL 0.97-0.99 0.98-0.99 0.91-0.98 0.90-0.98 0.95-0.99 0.995-0.999
Bias 0.42 0.16 1.17 1.28 -0.25 0.28
LOA -10; 11 -8;9 -15; 18 -15; 17 -10; 9 -3;3

Table 8.1 Intra-observer variability (adapted from Velcea A. et al. Three-dimensional
echocardiography is a feasible and reproducible method for the measurement of left atrial
volumes, regardless of expertise level, MAEDICA 2022;17(1):4-13)
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Inter-observer variability

There was good inter-observer reproducibility for the 2DE LAVs when measured
by observers with similar levels of expertise in 2DE. However, similarly reproducible
results were obtained for the 3DE LAVS, when measured by users with significantly
different levels of training in 3DE (Table 8.2).

Agreement analysis using Bland-Altman plots revealed no systematic bias for the
LAV_max or LAV_min measured by 2DE or 3DE, between the two users. The 3DE
measurements showed lower bias compared to the 2DE measurements for LAV_max and
LAV_min (Table 8.2).

2D LAV_max 2D LAV_max 2D LAV_min 2D LAV_min 3D LAV_max 3D LAV_min

Area Length Biplane Area Length Biplane
ICC 0.98 0.98 0.97 0.96 0.98 0.98
I 0.96-0.99 0.97-0.99 0.94-0.98 0.91-0.98 0.96-0.99 0.97-0.99
Bias -2.17 -1.58 2.17 3.17 -0.51 -0.45
LOA -13;9 -1158 -10;15 -13;19 -9;8 -8;7

Table 8.2 Inter-observer variability (adapted from Velcea A. et al. Three-
dimensional echocardiography is a feasible and reproducible method for the measurement
of left atrial volumes, regardless of expertise level, MAEDICA 2022;17(1):4-13)

Test-retest variability

There was lower, yet acceptable (r>0.8) reproducibility for the 2DE LAVs when
measured on separately acquired datasets, by the same user with advanced level of training
in 2DE. However, reproducibility was superior for 3DE LAVs, when measured by the
same user, with beginner level of training in 3DE (Table 8.3).

Agreement analysis using Bland-Altman plots revealed no systematic bias for the
LAV _max or LAV_min, regardless of the method used. The limits of agreement were

significantly tighter for the 3DE measurements (Table 8.3).
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2D LAV_max 2D LAV_max 2D LAV_min 2D LAV_min 3D LAV_max 3D LAV_min

Area Length  Biplane Area Length  Biplane
ICC 0.84 0.92 0.85 0.86 0.97 0.95
CI 0.66-0.92 0.91-0.98 0.69-0.93 0.71-0.93 0.94-0.98 0.91-0.98
Bias 4.39 1.82 2.35 2.32 -0.73 1.93
LOA -22;31 -13;17 -22;27 -20;25 -11;10 -10;14

Tabel 8.3 Test-retest variability (adapted from Velcea A. et al. Three-dimensional
echocardiography is a feasible and reproducible method for the measurement of left atrial
volumes, regardless of expertise level, MAEDICA 2022;17(1):4-13)

8.4. Discussions

The reproducibility of the 2DE measurements in our study was similar to that
previously reported a511. Regarding the agreement between the 2DE measurements, there
was no systematic bias, however the limits of agreement, while acceptable for the intra-
observer measurements, were arguably significant for the inter-observer and test-retest
measurements. The percentage bias was under 10% for all measurements. Similar values
were reported in previous studies [50], some reporting even higher bias for 2DE,
particularly for the test-retest measurements [51]. This bias is believed to emerge from the
variation in the acquisition of the LA with 2DE, even when significant efforts are made to
obtain the maximum longitudinal axis, as was the case in our study.

We reported non-inferior reproducibility of the 3DE measurements compared to the
2DE measurements, which is an important finding, given the limited training in 3DE the
Beginner user had received. The agreement between the 3DE measurements was superior
to the 2DE measurements when measurements were performed by users with different
levels of training in 3DE. In previous studies, reproducibility for LAV measurements by
3DE has been shown to be superior to 2DE, when measured by experienced operators [50].
Badano et al. [50] also reported on the reproducibility of 3DE between advanced operators
and trainees, showing a decrease in reproducibility with less experience, however still
superior to the reproducibility of 2DE. In the same study, it has been shown that the
reproducibility of LAV_min and LA ejection fraction was more significantly impacted by
the level in training in 3DE than LAV_max. In our study, the 3DE LAV_min has better
limits of agreement than LAV_max, regardless of the level of training in 3DE.

The reproducibility of the 3DE measurements remained comparably high even for

the test-retest measurements, when one of the acquisitions was obtained by a user with
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limited training in 3DE and the images were both assessed by the same user, with beginner
level in 3DE. To our knowledge, this variant of the test-retest method has not been
evaluated for the reproducibility of 3DE LAV to date.

8.5 Conclusions

Three-dimensional echocardiography is a technique that promises to improve the
overall assessment of patients with HF, showing good feasibility and reproducibility,

superior to 2DE, regardless of the level of training in the method.
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9. The prognostic value of left heart parameters, measured by 2DE
versus 3DE, in a population of patients with heart failure with reduced

ejection fraction and moderately-reduced ejection fraction

9.1 Introduction

Heart failure is a disease with important socio-economic impact at a global scale. To
date, there are no predictive models for cardiovascular events in this patients population,
the majority of therapeutic decisions are relying on LVEF. The method used in common
clinical practice for the measurement of LVEF is 2DE. However, as mentioned in previous
chapters of this work, this technique has limited accuracy and reproducibility because of its
bidimensional nature.

In the last decades, various predictive models for the prediction have been tested in
patients with HFrEF. Regarding the imaging parameters used in prognostic models, other
that LVEF and LVV, LAV have also been proposed [52-57]. As for LVEF, 2DE is the
main method used to evaluate LAVS.

A method that promises to be superior to 2DE is 3DE, as it does not rely on
geometric assumptions, but is widely available and cost-efficient. As such, we aimed to
evaluate the prognostic value of LV and LA parameters, using 2DE and 3DE, in a
population of patients with HFrEF and HFmrEF.

9.2 Method

120 consecutive patients were included (92 male), with the diagnosis of HFrEF or
HFmrEF, with various underlying aetiologies, admitted for HF decompensation. The
inclusion and exclusion criteria are detailed in Chapter 6.

Echocardiography. The 2DE and 3DE acquisitions were performed during the same
examination, using a Vivid E9, GE Vingmed, Horten, NO machine. The acquisitions were
performed according to the most recent recommendations of the European Association of
Cardiovascular Imaging [7].

Statistical analysis. Continuous variables were reported as mean + standard
deviation, categorical variable were reported as frequency or percentage (%). The
continuous variable with normal distribution were compared using Student T-test, white
those not normally distributed were compared using the Kruskall-Wallis test. Comparisons

between categorical variables were performed using the Chi-Square test.
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Pearson correlation coefficient was used for the correlation between
echocardiographic parameters and outcomes.

The independent predictors for outcome were deduced using Cox analysis. The
statistics were performed in a manner which avoided multicollinearity. Two main models
for the multivariate analysis were constructed, one for 2DE and one for 3DE parameters.

Recever Operator Characteristics (ROC) curves were used to evaluate the predictive
value of the left heart echocardiographic parameters. The values with the best specificity
and sensibility were used to construct Kaplan-Meier curves. The log-rank test was used to
compare the survival plots.

A p value <0.5 was considered to indicate significance. Data analysis was performed
using statistical software analysis (SPSS 20, IBM) and MedCalc (MedCalc Software).

9.3 Results

120 patients were included (92 male, 60£17 years). During follow-up (5+3 years), 42
suffered cardiovascular deaths, 61 had CE and 55 had admissions for HF decompensation.

The general characteristics of the patients, according to mortality at the last follow-

up are described in Table 9.1.

Total Dead Alive P value
(n=120) (n=42) (n=78)
Demographic data
Age (mean+SD) 6017 6711 59+13 0.04*
Male 92(76)  35(76) 57 (73) 0.2
Cardiovascular
parameters
Diabetes 38(31) 14 (36) 24 (64) 0.7
HT 81(68) 29 (70) 52 (66) 0.6
Dyslipidemia 83 (69) 30(71) 53 (68) 0.7
CABG 6(5) 3(7) 3(4) 0.4
MI 54(45)  22(52) 32(41) 0.2
HF class
NYHA II 77 (64) 18 (42) 59 (75) 0.001*
NYHA II-1V 43 (36) 24 (57) 19 (24) 0.001*
Wide QRS 43(35) 13 (31) 30(38) 0.4
Medication
ACEUsartan 86(71)  30(71) 56 (71) 0.9
Betablocker 105 (87) 31(73) 74 (94) 0.001*
MRA 101(84)  32(76) 69 (88) 0.07

Tabel 9.1 General characteristic according to survival at follow-up
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9.3.1 The prognostic value of left ventricular parameters

The patients who died at follow-up were older, had more advanced NYHA class
and were less likely to receive a betablocker. Regardless of method, the patients who died
had larger LVV, but significant difference was reported only for end systolic LVV
(ESLVV) by 3DE (Table 9.2). Regarding LVEF, it was noted to be more depressed in
those who died, but statistical difference was found only for 3DE LVEF. Furthermore, for
those with CE, they had a higher proportion of dyslipidaemia and were older than those
who did not suffer CE at follow-up. Regarding the echo parameters, the only statistically
significant difference was noted for 3DE LVEF. There were no significant differences in
clinical or imaging parameters between those who experienced HF hospitalisation and

those who did not.

Total (n=120) Dead Alive P value
(n=42) (n=78)
2D
EDLVV (ml) 196+69 208+79 193+66 0.21
ESLVV (ml) 138+65 149+74 13562 0.32
LVEF (%) 32+90 2980 32+10 0.12
LV_SI 0.7x0.6 0.8+10 0.6£0.5 0.11
3D
EDLVV (ml) 218+72 237+79 214+71 0.13
ESLVV (ml) 152467 174+75 14665 0.04*
LVEF (%) 30+90 2670 3390 0.05*
LV_SI 0.5+0.4 0.7£0.8 0.420.09 0.05*

Table 9.2 Left ventricular dimensions, function and shape according to the mortality at

follow-up

The measurements of the same parameters with 2DE and 3DE showed significant
differences with higher values for 3DE in the following- ESLVV, EDLVV and SI_VS.
While the LVEF was lower by 3DE compared to 2DE, the difference was no statistically
significant (p=0.1).

In the present study, 3D LVEF had a superior AUC than 2D LVEF (Table 9.3).

Cut-off value AUC Specificity Sensibility
LVEF 2D <35 0.583 40 87
LVEF 3D <35 0.675 50 95

Table 9.3 ROC analysis for the 35% cut-off value for LVEF
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Cox regression was used to identify independent predictors for the three main
endpoints of the study. Age was the only predictor for mortality in the univariate analysis.
The only imaging parameter that was found to be an independent predictor for mortality in
the univariate and multivariate analysis was 3D LVEF (Table 9.4). However, 3D LVEF

Univariate regression P value Multivariate regression P value
HR (IC) HR (IC)
Age 1.478 (1.004-3.415) 0.02 1.038 (0.989-1.090) 0.13
Gender 1.020 (0.977-1.065) 0.36 1.323 (0.535-3.275) 0.54
MI 1.089 (0.471-2.519) 0.84 0.590 (0.217-1.606) 0.30
NYHA class 0.665 (0.160-3.662) 0.73 0.952 (0.192-4.709) 0.95
LVEF_2D 0.970 (0.933-1.008) 0.11 0.957 (0.916-1.000) 0.51
LVEF 3D 0.958 (0.918-0.998) 0.04* 0.936 (0.886-0.990) 0.02*

was not able to predict the other events. The multivariate model included age, sex,
ischemic substrate and NYHA class.
Table 9.4 Independent predictors for mortality by univariate and multivariate

analysis

9.3.2 The prognostic value of left atrial echocardiographic parameters

The results showed that those who died had significantly larger LAV_max, by both
2DE and 3DE, also larger LAV_min by 3DE (Table 9.5). For the CE, significant
differences were noted for LAV_max and LAV_min (both indexed and non-indexed) by
both methods as well as LA_SI by 2DE. Those who experienced HF hospitalisation has
significantly larger LAV_max by 3D (indexed and non-indexed), LAV_max by 2D (non-
indexed) and LAV _min by both methods.

Total (n=120) Dead Alive P value
(n=42) (n=78)

E3D

LAV _max (ml) 94+31 102435 89+28 0.05*
LAV_max_indexed (ml/m?) 50«17 53+15 48+18 0.19
LAV _min (ml) 60+12 6210 5112 0.01*
LAV min_indexed (ml/m?) 3248 36+6 25+8 0.02*
LA_SI 0.7£0.1 0.82+0.12 0.75£0.2 0.06
E2D
LAV_max (ml) 8332 02+34 7730 0.02*
LAV max_indexed (ml/m?) 43+18 47£13 4120 0.16
LAV_min (ml) 55=27 65£26 4927 0.005*
LAV min_indexed (ml/m?) 28+13 37£12 26+11 0.008*
LA _SI 0.6+0.08 0.60=0.05 0.62+0.09 0.35

Table 9.5 Left atrial size and shape parameters according to mortality at follow-up
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All 2DE parameters correlated with the mortality, however LAV_max indexed and
LA_SI by 3DE did not. All of the parameters, 2DE and 3DE, correlated with the other
endpoints, but the correlations were weak.

By ROC analysis, LAV_max indexed by 3DE with a cut-off of 34 ml/m2 has
superior sensitivity and specificity to the 40 ml/m2 cut-off of 2DE.

The Kaplan Meier curves show significant differentiation for the LAV_max indexed
of 34 ml/m2, for all endpoints.

Univariate Cox analysis has found age, LVEF_3D and LAV_max_indexed_3D to be
the only independent predictors for mortality in this group of patients.

Using linear hierarchical regression analysis, the prognostic value of LAV by 2DE
and 3DE was evaluated. Four models were constructed, two for each imaging method. All
four models had clinical parameters at step 1 (age, ischemic disease, HT, DM and NYHA
class), step 2- addition of LVEF by one of the methods, step 3- LAV_max_indexed by one
of the methods and in the last step LAV_min_indexed was added.

For the 2DE model that included steps 1 to 3, significant predictive value was
obtained for HF hospitalisation only. For the 3DE model that included steps 1 to 3,
significant predictive value was obtained for HF hospitalisation and CE. No added value
derived from the addition of LAV_min for either method.

9.4. Discussions

We included patients with HFrEF and HFmrEF, evaluated with 2DE and 3DE, in
order to determine if 3DE derived parameters could bring additional value to the current
prognostic tools.

In our study, the LVV were significantly different between the two methods,
however LVEF was not significantly different. These results are superposable to those
derived from studies with large number of patients, some with a subgroup of HFrEF [59].
One explanation for these results is that the error of measurement is relatively similar for
the end systolic volumes and end diastolic volumes.

The present study found LVV by 3DE to be larger than those measured by 2DE and
showed that those with larger volumes have higher mortality, results which parallel other
studies in the literature [60]. Furthermore, in our study, we found the same to be true of
those with EC.

Regarding the independent predictors for cardiovascular events, the only parameter
that maintained its value in the adjusted analysis was LVEF by 3DE. In other studies [58,
59], age, LVEF by 2DE and LVEF by 3DE, as well as deformation parameters such as
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GLS were found to be independent predictors for mortality. In our study, we found age to
be an independent predictor only in the univariate analysis. Regarding LVEF by 2DE, it
did not predict mortality in this group of patients, probably as a result of the high
proportion of patients with ischemic substrate for which 2DE is expected to derive the
most errors, but also as a result of the relatively low number of patients included in the
study.

Like other recent studies [59], AUC for LVEF by 3DE was larger than AUC for
LVEF by 2DE. Medvedovsky et al. [59] have shown that the best AUC in their study was
derived from GLS by 3DE, which was also reflected in the survival analysis by Cox
regression adjusted for clinical factors, as well al Kaplan Meier analysis, divided by
tertiles. Conversely, we used the guideline-derived cut-offs for LVEF of 35%. For this
value, LVEF by 3DE achieved a good prediction of mortality.

As other studies have shown, we found the LAVs measured by 2DE to be
significantly different than those measured by 3DE. The large studies comparing the two
methods for the measurement of LAVs, particularly the one published by Badano et al.
[50], have been developed using large populations of normal individuals. Our patient
population was significantly smaller and included a majority of dilated atria, with various
shapes.

Both 2DE and 3DE LAV_max, with different cut-offs, managed to predict survival
in this group of patients. The same can be applies to the other endpoints of the study. A
study that contradicts our findings, published by Wu et al. [61], did not show LAV _3D to
be a good predictor of outcome, however the population examined was different from our
study.

In our study, through the use of hierarchical linear regression, with four models,
significant predictive value using the 2DE parameters was found only for HF
hospitalisation. For the 3DE model, there was prognostic value for CE and HF
hospitalisation. No model could predict mortality.

In conclusion, the prediction of mortality in patients with HFrEF and HFmrEF is a
complex task, given its multifaceted nature, various phenotypes, and evolution, in patients
with comorbidities, from which the difficulty in determining an efficient prognostic model
derives.

9.5 Conclusions

In our study, we found LVEF by 3D to be a good predictor for cardiac events,

superior to 2D LVEF. The added value of LAV, by either method, was not significant in
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the prediction of cardiovascular mortality in this group of patients but was able to improve
the prediction of the other cardiovascular events.
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10. The prognostic value of right heart parameters by 2DE and 3DE,
in patients with heart failure and reduced ejection fraction and patients

with moderately-reduced ejection fraction

10.1 Introduction

Right ventricular dysfunction is known as a negative prognostic factor in patients
with HFrEF. The evaluation of the RV is complicated because of the cavity’s complex
shape, with a volume that cannot be calculated with mathematic formulas. In clinical
practice, the most frequently used technique for the evaluation of the RV is 2DE. Of the
2DE parameters, TAPSE is the most evaluated. Regardless of its limitations in evaluating
such a complex three-dimensional structure, it has the advantage of good reproducibility
and has been shown to be a valuable prognostic marker [62-65]. The “gold standard” for
the measurement of RVEF and RV volumes (RVV) is CMR. However, CMR has low
availability, high costs and several contraindications. As such, a method which promises to
be close to CMR is 3DE. Studies have already been developed for the validation of RVV
and RVEF by 3DE in normal individuals [66], however the prognostic value of these
parameters is still unknown.

We aimed to establish the prognostic value of 3DE derived right heart parameters,
compared to the standard of 2DE, in a population of patients with HFrEF and HFmrEF.

10.2 Method

The method has been described in Chapter 6.

The echocardiographic evaluation has been performed as mentioned in Chapter 9.

Statistics. Similar to the method described in Chapter 9.

10.3 Results

For the 2DE derived parameters of RV size (RV area, diameter), there were no
notable differences between those who died and the survivors. We did not find a
significantly lower TAPSE by 2DE in those who died, however the RA volumes (RAV)
were larger in these patients.

For the 3DE derived parameters, we found that RVV were larger in those who died,
but statistical significance was reached only for the end systolic volumes. Furthermore, we
found that those who died had lower RVEF, as well as lower FAC by 3DE and TAPSE by
3DE. Lastly, the RAVs were significantly larger in those who died at follow-up.
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Correlation analysis with the endpoints was performed and we found weak
correlations with the 2DE parameters and stronger (r>0.4) for the 3DE parameters.

As previously mentioned, age was found to be an independent predictor for death in
these patients, but not for the other endpoints. Furthermore, NTproBNP also had predictive
value in this group of patients. Of the standard echocardiographic parameters, E/E’ and
PAP were independent predictors for all the endpoints. Of the 2DE parameters, FAC_2D
showed predictive value for all study endpoints (Table 10.1). Of the 3DE parameters, the
end systolic RVV, RVEF and FAC 3D are independent predictors in the univariate
analysis for all endpoints (Table 10.2).

2DE Alive Dead P value
Age (years) 59+12 66+11 0.002*
E/E’ 9.58+7.97 16+8.25 0.001
PAP (mm Hg) 3016 42425 0.045*
. 35+6 3547 0.94
2D EDRYV diameter (mm)
21%10 20+6 0.49
2D EDRV area (cm?)
12+5 136 0.20
2D ESRV area (cm?)
33+13 38+12 0.04*
2D FAC (%)
19+4 18+4 0.62
2D TAPSE (1mum)
11+3 11+3 0.51
S’ RV free wall (cm/sec)
. 14=+6 13+5 0.35
RV global strain (%)
. 20+8 18+7 0.32
RV free wall strain (%o)
. 406 41+£7 0.33
2D RA diameter (nun)
173 18+5 0.09*
2D RA area (mm?)
52+18 64+29 0.004*
2D RAV_max (ml)
26=9 32+13 0.02*

2D RAV max indexed (ml/m?3)

Table 10.1 Binary logistic regression for clinical and 2DE parameters, according to

endpoint
Alive Dead P value
3DE
. 43+7 47+8 0.006*
3D diametru TDVD (mim)
153+53 17257 0.126
3D EDRVV (ml)
. 80+23 87+26 0.200
3D EDRVV_indexed (ml/m?)
90+42 119+46 0.004*
3D ESRVV (ml)
. 4620 61+£26 0.003*
3D ESRVV _indexed (ml/m?)
42+9 32+7 <0.001
3D RVEF (%)
63+£15 53£17 0.006
3DRV_SV
39+£10 28+11 <0.001*
3D FAC (%)
52+£17 68+30 0.001*
3D RAV max (ml)
. 27+9 34+£15 0.006*
3D RAV max_indexed (ml/m?)
. 29+12 42423 <0.001*
3D RAV min (ml)
27.4£9 3414 0.011*

3D RAV min_indexed (ml/m?)

Table 10.2 Binary logistic regression for 3DE parameters, according to endpoint
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ROC analysis was performed and showed that RVEF<40% can predict mortality
with a sensitivity of 89% and specificity of 69% (AUC 0.81), while a RVEF<35% has a
sensitivity of 90% and specificity of 71% (AUC 0.82). The same analysis has been
performed for FAC_3D, with good results (sensitivity 82%, specificity 65%, AUC 0.79).

ROC analysis was performed for FAC_2D also, and for the guideline-indicated cut-
off of 35% we found a sensitivity of 61% and specificity of 62% (AUC=0.56).

Kaplan Meier survival analysis using the 35% cut-off for RVEF showed a good
separation of the survival curves (x* 7.64 (p=0.006)) (Figure 10.1). The same analysis for
FAC 3D < 35% resulted in x*4.08 (p=0.02). Conversely, FAC_2D <35% did not allow for

a good separation of the survival curves.
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Figure 10.1 Kaplan Meier analysis for survival, for RVEF with a cut-off of 35% and
FAC_3D of 35%

Multivariate analysis was performed for mortality, by adding age, LVEF by 3D and
RVEF, which was a model with statistical significance. The addition of other parameters
validated in the univariate analysis did not improve the model. The 2DE equivalent was
also analysed. We included age, LVEF_2D and FAC_2D, however the statistical value of
the model is cancelled when adding FAC_2D.

10.4 Discussions

The main results of this study can be summarised as follows: RVEF and FAC_3D
have independent predictive value for mortality, HF hospitalisation and CE.

There are studies in the literature that have evaluated risk scores for HFrEF, that

included clinical factors, the most well-known being a study based on the evaluation of
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eplerenone in HF, namely Eplerenone in Heart Failure in Mild Patients Hospitalisation and
Survival Study in Heart Failure (EMPHASIS-HF risk score) [67]. This score includes age,
blood pressure, glomerular filtration rate, HF hospitalisation, haemoglobin, history of Ml,
body mass index and heart rate. In the present study, of the clinical factors, only age and
NTproBNP were independent predictors for mortality.

Pulmonary hypertension is a known negative prognostic factor in HFrEF, as well as
its correlation with RV dysfunction evaluate by TAPSE 2D. However, Ghio et al. [63]
have shown that this combination of pulmonary hypertension and RV disfunction is not
always present in HFrEF, many of these patients have isolated RV dysfunction. In the
present patient population, PAP was an independent predictor for events in the univariate
analysis, but not in the multivariate analysis. However, TAPSE_2D was not found to be a
predictor of events, possibly because of the low variability of this parameter in this group
of patients.

Another 2DE-derived parameter used in the evaluation of the RV is FAC. FAC is a
more complex parameter, which can give a superior evaluation of the RV function, when
compared to parameters such as TAPSE, as it can give information on both longitudinal
and radial RV function. One study found FAC_2D to be a good predictor for mortality and
other cardiovascular events (like need for assist-devices) in patients with HFrEF [68]. In
our study, we found that FAC_2D was an independent predictor for cardiovascular events,
even in the multivariate analysis.

The predictive value of the 3DE-derived parameters is understudied at present. The
data from unicentric and retrospective trial suggests that RVEF is a good predictor for
mortality and cardiovascular events in patients with HFrEF and is superior to the predictive
capabilities of 2DE parameters. Similar to the data published by Nagata et al. [69], we
found RVEF to be a good predictor for cardiovascular mortality, even in adjusted analysis.

10.5 Conclusions

Three-dimensional echocardiography promises to improve the quality of RV
assessment and present evidence shows that 3DE-derved RV parameters are superior

predictors of cardiovascular events than 2DE parameters.
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I11. Conclusions

In the present work, we aimed to evaluate the feasibility and capacity of added
prognostic value of 3DE-derived parameters, when compared to 2DE, in a population with
HFrEF and HFmrEF. We consider the main study objectives to be reached, as we have
shown superior reproducibility for 3DE LVV and LAV, even in unexperienced users.
Regarding the prognostic value of the 3DE parameters, when compared to 2DE
parameters, superiority has been shown for 3DE in the majority of cases.

The contributions the present work brings to the vast domain of cardiovascular
research are summarised below.

Regarding the reproducibility of the 3DE techniques, we performed reproducibility
analysis for LVV and LAV. For the LV, we concluded that users with different levels of
training in 2DE, after a month of training in 3DE, obtained measurements for the LVV and
LVEF that were superior to the 2DE equivalents [70]. We concluded that 3DE is a more
reproducible and feasible method for the follow-up of patients with HFrEF and HFmrEF,
with important LV remodelling. The element of novelty derived from this analysis is the
evaluation made by echocardiographers with different levels of training in 2DE and 3DE,
whose measurements were compared, concluding that even after a short period of training
in 3DE, the reproducibility of the 3DE measurements was superior to 2DE. This is an
important point, as one of the reasons for which 3DE has not been introduced to common
clinical practice is the lack of evidence on its performance in less experienced hands. The
measurement of LVVV and LVEF are central to the evaluation of any HF patient, for both
classification and management. For the patient management, the LVEF influences both
pharmacologic interventions, as well as the decision-making process for invasive therapies
such as ICD and CRT [71].

Regarding the LA parameters, we concluded that 3DE has a good reproducibility and
feasibility, superior to 2DE, regardless of the level in training in 3DE, like the LV results.
We used a particular method for the evaluation of reproducibility, as in addition to the
standard procedure, we included acquisitions and measurements performed by users with
different levels of training in 3DE. Even though the LAV is not as important as LVEF in
the evaluation of patients with HF, the need for good reproducibility in LAV

measurements cannot be ignored.
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For the evaluation of the prognostic value of 3DE parameters versus 2DE
parameters, we analysed the left heart parameters and right heart parameters separately.

The prognostic value of LVV and LVEF by 2DE have been intensely investigated
since the beginning of the primary prevention era. In the study patient group, the majority
of patients had an ischemic substrate and LVEF by 3DE was shown to have a superior
prognostic value to 2DE and was an independent predictor for cardiovascular events in the
univariate and multivariate analysis.

The prognostic value of LAV has recently been in the hotspot of cardiovascular
research, as it has been shown to a be a prognostic marker in various pathologies such as
mitral regurgitation, aortic stenosis, and AF. LAV by 3DE has been shown to be an
independent predictor for cardiovascular events in this patient population, but only in the
univariate analysis.

Regarding the right heart parameters, we have shown that FEVD has superior
prognostic value for all cardiovascular events, when compared to the 2DE parameters.
Furthermore, we have established a potential cut-off for the RV dysfunction and have
shown that the guideline-indicated cut-off of 35% for FAC_2D was not as efficient in
separating the survival curves as RVEF in this group of patients. In combination with
clinical and classic echocardiographic parameters, FEVD was able to predict mortality
with high accuracy in a multivariate model.

Finally, we conclude that the initial hypothesis of the study was correct, as sufficient
evidence has been provided to bring 3DE closer to clinical practice, as it has been found to
be reproducible, regardless of level of training and with good prognostic value compared to

its 2DE counterparts.
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