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Abstract: Health care is currently showing a fall in heart failure (HF) prevalence and incidence particularly in 
developed countries, but with only a subset receiving appropriate therapy to protect the heart against 
maladaptive processes such as fibrosis and hypertrophy. Appropriate markers of advanced HF are still needed, 
which should help choosing the most suitable therapy and avoid major compliance problems. Speckle tracking 
echocardiography (STE) is a good choice, being a non-invasive imaging technique and is able to assess cardiac 
deformation in a variety of conditions. Several multicenter studies and meta-analyses have demonstrated its 
clinical applications and accuracy in early and late stages of HF, as well as its association with both left 
ventricular (LV) filling pressures and myocardial oxygen consumption, the two are important parameters in 
the evaluation of HF patients. Also, STE assists in assessing right ventricular  free-wall longitudinal strain 
(RVFWLS) which is a solid predictor of right ventricle failure (RVF) following LV assist device (LVAD) 
implantation. Despite its limitations, STE plays an essential role in the clinical evaluation of patients with HF, 
early and advanced, in explaining symptoms and signs and also as an accurate prognosticator. The aim of this 
review is to examine the advantages of STE in early evaluation of myocardial dysfunction and their correlation 
with right heart catheterization (RHC) parameters, which should have a significant clinical relevance in the 
management of HF patients. 

Keywords: heart failure; speckle tracking echocardiography; heart catheterization; myocardial oxygen 
consumption; myocardial fibrosis 

 

1. Introduction 

The European Society of Cardiology (ESC) defines heart failure (HF) as the presence symptoms 
and/or signs of HF caused by a structural and/or functional abnormality of the heart, which causing 
high intracardiac pressures and/or insufficient cardiac output at rest and/or during exercise [1]. The 
2021 ESC guidelines categorize this pathology based on the left ventricular ejection fraction (LVEF) 
as HF with reduced EF (HFrEF, EF 40%), mildly reduced EF (HFmrEF, EF 41-49%), or preserved EF 
(HFpEF, EF 50%). Despite optimum treatment, many patients progress to late stage advanced HF 
[1]. 

Regardless of the decrease in its prevalence and incidence in industrialized nations, not all 
patients with HF are identified in its early stages. This inappropriate practice results in only a subset 
of such patients who receive suitable therapy to protect their heart from maladaptive processes such 
as myocardial fibrosis and LV hypertrophy [2]. This under-diagnosis can be ascribed mainly to the 
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lack of highly specific imaging markers, particularly echocardiographic ones [2]. Despite LVEF has 
been used as the guiding parameter for beginning advanced treatments such as Sacubitril/Valsartan 
and Glifozins [1], cardioverter defibrillator implant (ICD) or cardiac resynchronization therapy (CRT) 
[1], several studies demonstrated its lower sensitivity to unmask LV myocardial dysfunction 
comparing to other echocardiographic parameters such as speckle tracking echocardiography (STE) 
[2,3]. Also, LVEF is limited by geometric assumptions, load dependency, reproducibility, inter-
observer variability, and is influenced by heart rate, rhythm and translational motion [3]. On the other 
hand, LV global longitudinal strain (LV GLS), has been shown to be superior to EF in several settings 
such as predicting myocardial recovery and symptomatic improvement after aortic valve 
replacement [4], predicting all-cause and cardiovascular mortality in advanced chronic kidney 
disease (CKD) [5], and predicting major adverse cardiac events in HF patients [3]. 

Recent studies have applied STE to the left atrium (LA), based on the assumption that it is highly 
sensitive to pressure and volume overload because of LA thin wall [6]. Global peak atrial longitudinal 
strain (PALS) has been proved the earliest parameter to alter in many conditions associated with 
myocardial damage such as systemic hypertension and diabetes, even before the development of LV 
hypertrophy, reduced LVEF or LA enlargement [7]-[9]. Also, PALS has been shown to strongly relate 
to diastolic dysfunction and myocardial fibrosis (measured at histological analysis) hence has been 
proposed to provide a non-invasive estimation of LV filling pressures (LVFP) [10] and explanations 
of HF symptoms and quality of life [11]. In addition to the use of STE in assessing LA function, it has 
been used to define RV longitudinal function, thus allowing evaluation of myocardial deformation 
using typical two-dimensional echo images without angle dependency [12]. Although reference 
values for RV STE analysis have been established, it remains unclear whether RV global longitudinal 
strain (RV GLS) or RV free-wall longitudinal strain (RV FWLS) better captures RV myocardial 
deformation [13]. Indeed, several studies have demonstrated that RV FWLS in the advanced HF 
patients, strongly link with both RV stroke work index (RVSWI) and oxygen consumption (VO2) in 
end-stage HF, especially for LV assist device (L-VAD) selection [14]. 

The aim of this review is to examine advantages of STE features in early evaluation of myocardial 
damage and their correlation with right heart catheterization (RHC) parameters, in order to define 
its clinical purpose in early and advanced HF patients. 

2. Speckle Tracking Echocardiography: technical aspects 

STE is a semi-automated and angle-independent echocardiographic technique that allows 
evaluation of myocardial deformation in a range of specific conditions. Using previously saved 
echocardiographic pictures, a specific software can differentiate each speckle, integrating them in 
functional units (kernels) that are unequivocally recognized given their specific spatial disposition 
[15,16].   

During a cardiac cycle, the computer tracks kernel movement in three spatial directions: radial, 
longitudinal, and circumferential. This technique allows the system to calculate deformation (strain), 
rate of deformation (strain rate), displacement, and rate of displacement (velocity) for the selected 
cardiac segments.[16,17] 

The strain (𝜀𝜀) can be defined as the degree of deformation (shortening) of the analyzed segment 
in relation to its initial dimensions. It is measured as a percentage and is expressed by the following 
equation: 

𝜀𝜀 = 𝐿𝐿– 𝐿𝐿 0 𝐿𝐿⁄ 0 
where L is the final dimension of the segment and L0 is the initial dimension. A lengthening or 

thickening deformation has a positive value, while a shortening or thinning deformation has a 
negative one. The strain rate (ε') is the rate of heart deformation measured in seconds-1.[17] Velocity 
(V) is a vector number that can be measured directly or calculated by subtracting the average velocity 
from the left ventricle's total translation. The vector has two projections in the apical view: radial 
velocity (Vr), which is perpendicular to the endocardial margin and is positive if directed toward the 
ventricular cavity, and longitudinal velocity (Vl), which is tangential to the endocardial margin and 
is positive if directed from the base to the apex. On the short axis, there is a radial velocity (Vr) with 
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the same features as those of the apical view, and a circumferential velocity (Vc), which is tangential 
to the endocardial edge and is positive when moving anti-clockwise.[16] Other critical parameters of 
LV function are twist and torsion. The twist is the difference in degrees between the systolic rotation 
of the ventricular apex and the basal rotation in the short axis, whereas the torsion is a twist measured 
in degrees/cm and standardized to LV main axis.[16] 

STE is often used to assess LV function using several parameters, among which is the 
longitudinal strain, which is the cardiac deformation directed from the base to the apex: negative 
curves imply a reduction in the distance between the kernels caused by myocardial fiber shortening 
from the base to the apex.[19] The longitudinal strain analysed in 4-, 2- and 3-chambers can assess 
both regional and global strain (range of normality from -17.2% to - 27.7%).[20,21] Radial strain is a 
radially directed deformation caused by the radial propulsion of each kernel. Radial strain values, 
from the short axis view, are depicted by positive curves and typically vary between 21.1% and 
53.8%.[21,22] Circumferential strain (usually -23.1% to -40.6%) indicates LV myocardial fiber 
shortening, identified from the short-axis view along the circumferential axis. As a result, during 
systole and shortening of the speckle-to-speckle distance, circumferential strain values are displayed 
as negative curves.[21,22] 

Using the same STE principle, the technique can also assess LA activity during  the cardiac 
cycle, which is divided into three stages: reservoir (when LA receives blood from the pulmonary 
veins), conduit (when blood flows passively from LA to LV), and contraction (when the remaining 
blood is pumped out from the LA into LV).[23,24] The STE software analyses images recorded in the 
apical 2- and 4-chamber views to provide a PALS value for each and the peak atrial contraction phase 
(PACS).[21,23] 

STE can also be used to assess right ventricular (RV) myocardial function from the apical 4-
chamber view. After defining the region of interest, which includes RV free wall and the 
interventricular septum, the software calculates both free wall longitudinal strain (RVFWLS, typically 
>-20%) and RV global longitudinal strain (GRVLS).[25,26] 

Table 1. STE normality ranges for each cardiac chamber.[21,22]-[25]. 

Parameter Reference values (%) 
Left ventricle  

GLS -17.2 - -27.7 
GRS 21.1 – 53.8 
GCS -23.1 - -40.6 

Left atrium  

PALS 
42.3 – 52.4 age 20-40 
35.4 – 46.1 age 40-60 
30.9 – 41.9 age > 60 

PACS 
11.9 – 19.0 age 20-40 
13.2 – 19.6 age 40-60 
13.6 – 21.4 age > 60 

Right ventricle  
RVFWS > -20 

STE: speckle tracking echocardiography; GLS: global longitudinal strain; GRS: global radial strain; GCS: global 
circumferential strain; PALS: left atrium strain reservoir; PACS: left atrium strain conduit phase; RVFWS: right 
ventricle free-wall strain. 

3. Right heart catheterization 

Right heart catheterization (RHC) is a semi-invasive diagnostic procedure used in patients with 
HF to assess both left and right heart function, diagnose pulmonary hypertension (PH), analyze 
therapeutic response, and determine patients’ prognosis (Table 2). It is performed via either the 
internal jugular vein or the femoral vein using a Swan-Ganz catheter.[27]-[29] 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 June 2024                   doi:10.20944/preprints202406.0869.v1

https://doi.org/10.20944/preprints202406.0869.v1


 4 

 

Table 2. Current indications for RHC.[28,29]. 

HTx check list 
Diagnosis and differential diagnosis for PH 

Fulminant myocarditis 
Peripartum cardiomyopathy 

Differential diagnosis for sepsis 
ADHF requiring inotropic, vasopressor, and vasodilator therapy 

Cardiogenic shock 
Discordant left and right ventricular dysfunction 

RHC: right heart catheterization; HTx: heart transplantation; PH: pulmonary hypertension; 
ADHF: acute decompensated heart failure. 

RHC measures right atrial pressure (RAP), which usually varies from 2 to 8 mmHg. The 
waveform is typically defined by three peaks: the a wave, reflects atrial contraction and RV filling, 
based on RV end-diastolic pressure (RV EDP); the c wave, represents tricuspid valve closure; and v 
wave, coincides with RV contraction. The three waves are separated by two falls, the x-descent and 
the y-descent, respectively.[2,29] RAP waveforms can be affected by many pathologies, including: 
tricuspid regurgitation, which causes raised v-waves; ventricular dissociation, which causes giant a-
waves due to simultaneous contraction of both atria and ventricles; restrictive cardiomyopathy and 
constrictive pericarditis, which cause deep descents; cardiac tamponade, which causes no rapid 
outflow from the RA to the RV, eliminating the y-descent.[2] These waves could vary in patients with 
combined pathologies. Finally, there is no a-wave in individuals with atrial fibrillation due to the lack 
of atrial contraction.[30] 

After studying the RA the Swan-Ganz catheter is advanced to record RV pressures, both in 
systole and at end diastole.[2] Raised systolic RV pressure (RVP) frequently reflects intact RV 
function, but values drop when there is combined high RAP and a low cardiac index (CI) and are 
associated with RV failure.[2] The "dip plateau" phenomenon is induced by an abrupt cessation of 
RV filling and is a characteristic feature of restrictive pericarditis and restrictive cardiomyopathy.[2] 

Proceeding further, pressure tip manometer measures the pulmonary artery pressure (PAP), 
whose waveform is defined by a fast pressure propagation from the RV, followed by a pressure fall 
at end-systole and a dicrotic notch reflecting pulmonary valve closure.[28]-[30] Blood flow, raised left 
atrial pressure (LAP), and pulmonary vascular resistance (PVR) all influence these measurements; 
therefore, stroke volume (SV), heart rate (HR), shunts, and pulmonary artery cross-sectional area and 
distensibility can all be determining factors.[2] 

Pulmonary capillary wedge pressure (PCWP) is measured as the catheter is placed into a small 
pulmonary branch and reflects effective LA pressure.[2,30] PCWP is higher than RAP and 2-3 mmHg 
lower than dPAP. It also differentiates post-capillary PH (PCWP 15 mmHg) from pre-capillary PH 
(PCWP <15 mmHg). Patients with heart failure usually have a PCWP waveform with a strong v wave 
due to severe mitral regurgitation or poor LV or LA compliance.[2] 

LAP is measured by balloon occlusion of the distal pulmonary branches; it has a waveform 
similar to that of RA with a, c, and v waves, as well as negative x and y descents.[2] 

Finally, the LV pressure waveform is identical to that of RV, but with higher systolic pressure 
and diastolic pressure. LVEDP is used to measure preload and LV function; it is influenced by 
myocardial contractility, intravascular state, and LV compliance.[2] 

RHC also allows calculation of hemodynamic parameters that can be used to determine 
myocardial function: thermodilution technique and the Fick principle are bith used to quantify 
cardiac output (CO).[2] The thermodilution method involves injecting a 10-20 mL cold bolus into the 
catheter's proximal part, while a thermistor in the distal end registers the differential temperature; 
and a specific software calculates the CO based on the injected temperature, volume, and blood 
specific gravity.[33] On the other hand, Fick principle’s determination is based on the following 
equation: 

𝑉𝑉𝑂𝑂2 = 𝐶𝐶𝐶𝐶 ∗ 1.34 ∗ 𝐻𝐻𝐻𝐻 ∗ (𝑆𝑆𝐴𝐴𝐴𝐴2 − 𝑆𝑆𝑉𝑉𝑉𝑉2) 
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where VO2 is oxygen consumption, Hb is the hemoglobin blood concentration, SAO2 and SVO2 
represents, respectively, the arterial and mixed venous blood oxygen saturation; assuming an 
average VO2 value for every patient (usually 125 mL/min/m2), Hb, SAO2, and SVO2 can be directly 
measured, permitting the CO determination.[2,34] If the parameters of the Fick equation are precisely 
measured, they raise the accuracy of of thermodilution in patients with low CO; however, due to the 
frequent lack of corrections for age, sex, height, weight, and metabolic state, VO2 can be 
overestimated, resulting in a falsely high CO.[2] SVO2 is normally 75%, it assesses peripheral organ 
perfusion, and it might decrease due to low CO or increased oxygen tissue demand.[2] Other 
important calculated parameters include pulmonary vascular resistance (PVR), RV stroke work 
index, and pulmonary artery pulsatility index.[2] PVR represents the resistance in the pulmonary 
circulation and can be calculated as follow: 

𝑃𝑃𝑃𝑃𝑃𝑃 = (𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) 𝐶𝐶𝐶𝐶⁄  
PVR > 3 WU is associated with pulmonary vascular remodeling, meanwhile PVR >5 WU with a 

negative vasoreactivity test is an absolute contraindication for heart transplantation (HTx).[2] 
RVSWI is a surrogate for RV systolic function, being directly proportional to the stroke volume 

index (SVI): 
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = (𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑅𝑅𝑅𝑅𝑅𝑅) ∗ 𝑆𝑆𝑆𝑆𝑆𝑆 ∗ 0.136 

RVSWI <5 g*m2/beat, especially when paired with a PCWP >20 mmHg and a VO2 <14 mL/min/m2, 
is associated with increased mortality, the necessity for ventricular support device placement, and 
HTx at 1 year.[2] 

Finally, the pulmonary artery pulsatility index (PAPi) is a unique hemodynamic measure that is 
often used in the pre-operative evaluation of patients with advanced HF who require a LVAD or 
HTx.[35] Most  researchers have found an independent association between PAPi and survival.[38] 
PAPi is calculated as follow: 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) 𝑅𝑅𝑅𝑅𝑅𝑅⁄  

Table 3. RHC main parameters reference values.[2,35]. 

Parameter Reference values 
Right atrium  
Mean RAP 2-8 mmHg 
RA a wave 3-7 mmHg 
RA v wave 3-8 mmHg 

Right ventricle  
RVESP 17-32 mmHg 
RVEDP 2-8 mmHg 

Pulmonary artery  
mPAP 10-21 mmHg 
sPAP 17-32 mmHg 
dPAP 4-15 mmHg 
PCWP 2-8 mmHg 

Left atrium  
Mean LAP 6-12 mmHg 
LA a wave 4-14 mmHg 
LA v wave 6-16 mmHg 

Left ventricle  
LVESP 90-140 mmHg 
LVEDP 5-12 mmHg 

Derived parameters  
CO 2.5-4.5 mL/min/m2 

PVR <2 WU 
RVSWI 5-10 g*m2/beat 
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PAPi 
 0.9 in RV infarction 

<1.85 in patients undergoing LVAD implantation 
<3.65 in patients with advanced HF 

RAP: right atrium pressure; RA: right atrium; RVESP: right ventricle end-systolic pressure; 
RVEDP: right ventricle end-diastolic pressure; mPAP: mean pulmonary artery pressure; sPAP: 
systolic pulmonary artery pressure; dPAP: diastolic pulmonary artery pressure; PCWP: pulmonary 
capillary wedge pressure; LAP: left atrium pressure; LA: left atrium; LVESP: left ventricle end-
systolic pressure; LVEDP: left ventricle end-diastolic pressure; CO: cardiac output; PVR: pulmonary 
vascular resistance; RVSWI: right ventricle stroke work index; PAPi: pulmonary artery pulsatility 
index; LVAD: left ventricular assist device; HF: heart failure. 

The most common RHC complications are non-sustained ventricular and atrial tachycardia 
resulting from catheter contact with the heart walls,[36] patients with left bundle branch block (LBBB) 
are more likely to experience intermittent complete atrioventricular block (AVB)[37]. Right bundle 
branch block (RBBB) occurs in 5% of patients.[38] Rare serious complications include RV rupture, 
pulmonary artery (PA) rupture, and RV infarction.[2,39] Minor complications, on the other hand, 
include venous spasm, bleeding, thrombophlebitis, atrial fibrillation, reversible LBBB or RBBB, and 
first or second degree AVB.[2] 

In symptomatic patients with normal RHC pressures, stress test using particular drugs or 
exercise may be needed.[2] It is particularly useful in discriminating between primary and secondary 
PH, as well as in evaluating patients with HFrEF or HFpEF. The RHC stress test involves the patient 
lying supine or semi-supine on a bicycle ergometer with a workload increment of 25 W every 2 
minutes and a PAP, PCWP, and CO analysis at rest, every step, immediately after exercise, and 6 
minutes later. The HFpEF test usually results in submaximal exercise.[2] Fluid challenge using 1-2 L 
of saline at 100-200 mL/min and passive leg lifting can detect LV diastolic dysfunction,[40] patients 
with high LA volume and poor LA contraction, usually have high PCWP after passive leg lifting.[41] 
A PCWP 25 mmHg or LVEDP 16 mmHg indicates HFpEF.[40] 

4. Myocardial fibrosis 

Myocardial fibrosis (MF) is an irreversible and maladaptive process that damages the 
myocardium following acute injuries (such as myocarditis) or long-term disorders (e.g. end-stage 
heart failure). It impacts heart chamber function, particularly relaxation, and contributes to cavity 
remodeling, stiffness, and, ultimately, complete pump failure.[42]-[44] The extracellular matrix 
(ECM) activates cardiac fibroblasts excessively, resulting in collagen production and increasing ECM 
growth.[44] The expanded ECM encircles cardiac myocytes and microvascular cells, resulting in early 
myofibril dysfunction.[46] Specific types of myocardial traumas stimulate inflammatory cells 
through the cytokine cascade, resulting in considerable proliferation of cardiac fibroblasts and 
collagen synthesis, eventually leading to MF.[46] This prolonged process is initially adaptive, but 
eventually results in serious alterations in myocardial fiber architecture and interstitial tissue 
remodeling, as well as localized inflammatory processes that compromise diastolic relaxation and 
active ventricular contraction.[47] Arterial hypertension (AH) and aortic stenosis (AS) are the most 
prevalent clinical models of pressure overload-induced MF. If left untreated, LV hypertrophy and 
diastolic dysfunction cause myocardial fibrosis and increased LV filling pressure, possibly leading to 
congestive heart failure.[44] Long standing concentric LV hypertrophy eventually leads to diastolic 
dysfunction, diminished early diastolic relaxation, and decreased compliance, requiring higher filling 
pressures to achieve normal end-diastolic volume.[48] Chronic hemodynamic alterations increase 
extracellular MF, which contributes to increased LV stiffness, decreased compliance, and deteriorated 
diastolic function.[49] 

Isolated mitral regurgitation (MR) is the only heart condition that generates pure volume 
overload.[50] In the early disease, chronic volume overload promotes increased diastolic stress and 
myocyte length, culminating in larger LV chamber volume (eccentric hypertrophy) under high-
volume/low-pressure conditions.[50] MR promotes sarcomere disarray and disturbance, as well as 
MF, which later on may contribute to LV systolic dysfunction and failure. Chronic MR increases LA 
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volume and over-time it impacts LA myocardial function, manifested as reduced myocardial 
deformation.[51,52] 

Severe aortic regurgitation (AR) is another cause of increased LV volume overload. It is typically 
asymptomatic and well tolerated for long time, hiding behind severe LV cavity remodeling caused 
by MF.[53] In the early stages of AR, the increasing preload drives eccentric hypertrophy to maintain 
cardiac output, LV compliance, normal LV EF, and stroke volume, resulting in systolic hypertension 
and afterload mismatch.[54] 

Endomyocardial biopsy (EMB) is the gold standard investigation for diagnosing and assessing 
severity of MF. [10,14] The degree of MF have been measured from full-thickness biopsies of the atrial 
or ventricular myocardium (obtained from hearts excised at the time of cardiac transplantation). 
Three full-thickness slices of the myocardium measuring approximately 1x1 cm are taken, and the 
amount of fibrosis is evaluated using the average of the three slices.[14] Samples are fixed in 10% 
buffered formalin, paraffin embedded, and are divided into 4 μm thick sections for hematoxylin-
eosin and Masson's trichrome staining.[14] All samples are then rinsed with distilled water and 
immersed in a hematoxylin solution for 3 minutes. The color is changed using lithium carbonate 
(0,1%) to influence the hematoxylin staining.[13] Slices are cleansed in pure water and dyed with red 
ponceau staining (oven at 30°C for 20 seconds at 45 KW) before being submerged in acid water and 
phosphomolybdic acid (1 minute). This process is followed by adding green light and acid water 
cleaning. Finally, the degree of MF is calculated as follow and expressed as percentage:[14] 

(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 − 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡) ∗ 100 

5. Left heart pressures, strain and fibrosis 

In 2020, the ESC described the HFpEF diagnostic algorithm (HFA-PEFF), which includes 
numerous Doppler echocardiographic measures related to LV filling pressures, such as indexed LA 
volume (LAVi), mitral annulus TDI, and E/e' ratio, as well as pulmonary pressures, such as sPAP and 
retrograde tricuspid regurgitation peak velocity (TRPV).[55] Novel echocardiographic measures have 
been proved superior to traditional ones in assessing left heart function. PALS correlates strongly 
with LV filling pressures, particularly in individuals with low EF, and it changes before LAVi.[56]-
[63] Also, an inverse association between PALS and chronic HF patients' quality of life measured by 
the Minnesota Living with Heart Failure Questionnaire (MLHFQ) has been shown.[64] 

Studies have demonstrated that STE has the ability to predict the presence of MF, with good 
accuracy.[10] In patients with atrial fibrillation (AF) and end-stage HF, LA MF has been shown to be 
related to PALS, VO2max, NYHA class, LA stiffness, and E/e’.[10] PALS, in particular, has a good 
correlation with NYHA class , VO2max [65], and is a good predictor of MF. [10] These findings can be 
explained on the basis of the elevated LA pressure causing maladaptive remodeling including 
myocyte growth, hypertrophy, necrosis, and apoptosis. Furthermore the fibroblast mitosis enhances 
ECM with a switch into anaerobic metabolism, leading to a reduction in the myocardial energy 
production.[10] Recently, PALS has been found accurate in reflecting LA reservoir function, with a 
capacity outperforming  traditional measurements (LA volume and LV GLS) in predicting all-cause 
mortality and hospitalization.[66] 

The association between LA strain and cavity pressures was shown in a multicentric study of 
322 patients with a mean LVEF 55% where both PALS and PACS were found to be associated with 
LV filling pressures (LVFP). The optimal cut-off for distinguishing normal from raised LVFP (PCWP 
>12 mmHg) was 18% for PALS and 8% for PACS.[62] Similar results were obtained in 210 patients 
with LVEF >50%, where PALS accurately identified patients with increased PCWP >15 mmHg 
compared to echocardiography and RHC, with an AUC of 0.76. Moreover, substituting TR peak 
velocity for PALS (<18%) in the 2016 ASE/EACVI algorithm led to 91% feasibility, 81% accuracy, and 
improved agreement with invasive measures.[67] These findings permitted PALS to be introduced 
as a new estimator of LVFP in a recent ESC consensus document.[68] 

In end-stage HF, LVEF has failed to predict clinical outcomes at short and long-term. In contrast, 
LVGCS outperformed LVGLS in predicting long-term mortality and future clinical events, with 
higher sensitivity and specificity.[12,69] This is most likely because the fibers in the LV mid-wall 
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(associated with circumferential strain) have greater intrinsic contractile activity than other 
myocardial fibers.[12,69] In contrast, in HFrEF patients, there is a modest relationship between  
transverse LV function; GCS, torsion, and MF, but a significant association with GLS, which has a 
stronger predictive value than other echocardiographic measures.[70,71] 

6. Right heart pressures, strain and fibrosis 

RV remodeling limits longitudinal performance while increasing transverse function by 
reducing the circumferential fibers of the outer myocardial layer. This anatomical fact explains why 
RVFWLS is a sensitive measure for diagnosing RV dysfunction.[72] End-stage HF patients exhibit a 
significant connection between RVFWLS and histologically confirmed MF, with RVFWLS being the 
primary determinant and the main predictor of MF.  Also, this parameter is the most reliable 
diagnostic tool for detecting severe MF in patients with extensive RV fibrosis. RV free wall function 
has been proved as the most accurate parameter that predicts exercise capacity and clinical outcome 
in patients with DCM. [73] 

In patients with PH, the RV strain can accurately predict clinical outcome, hence adds prognostic 
details to the other clinical and echocardiographic markers.[44] RV strain is reduced both in patients 
with PH and RV HF. Moreover, worsening RV strain is associated with significantly increased risk 
of all-cause mortality.[44] Even in ischemic patients, lower RVFWLS values have been associated 
with worse survival,[14] being able to identify the presence, location and the transmural extent of MF 
in AMI patients.[44] Finally, RVFWLS is linked with structural cardiopathies risk of hospitalization, 
being worse with the increasing NYHA class and higher NT pro–B-type natriuretic peptide.[74] 

RV strain has been evaluated in advanced HF patients, especially in the pre-operative LVAD 
evaluation. Standard echocardiographic indices, such as tricuspid annulus s' and tricuspid annular 
plane systolic excursion (TAPSE), do not have clear correlation with patient’s prognosis.[17,74,75]  
On the other hand, multiple studies and a meta-analysis have shown that low RVFWLS on pre-
operative echocardiography suggest a poor prognosis and the development of RV failure, whereas 
higher values are associated with a consistent improvement in RV deformity, as well as 
RVSWI.[17,74,75] Furthermore, RVFWLS is not only one of the best predictors of RV failure (RVF) 
following LVAD implantation, but also the strongest independent risk factor for developing RVF.[76] 

Finally, recently estimated PCWP (ePCWP or ePAWP),[77] has been proposed being calculated 
as: 

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 0.18 ∗ 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 + 2.7 ∗ (
𝐸𝐸

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
) + 2.7 

where LAVi represents LA volume indexed, TVmax is the peak velocity in tricuspid regurgitation, 
and E is the E wave measured using the PW up on the mitral annulus.[77] ePCWP shown good 
accordance with PCWP measured with RHC, even with values above 15 mmHg, and was associated 
with cardiovascular death even after adjustment for age, sex, and diastolic dysfunction grading.[77] 
Moreover, ePCWP was associated with worse prognosis across all grades of diastolic function, 
becoming a new important parameter for diastolic evaluation.[77] 

7. Discussion 

From its inception, STE has been the focus of numerous clinical studies on various aspects of 
myocardial function. In HF patients, there is significant correlation between LA strain, MF and 
clinical outcome. Also, PALS is related to both LV filling pressures, which are excellent measures of 
diastolic dysfunction, and myocardial VO2, a HF fundamental survival marker. Furthermore, LA 
strain allows detailed myocardial examination, and analysis of both chambers' histopathologic status 
and metabolic activity, with the latter being a key prognostic marker in patients with advanced HF. 
Furthermore, STE is significant for patient’s management and for guiding towards optimum 
treatment strategies. RVFWLS is not only connected to RVSWI but also directly to development of 
RV failure, thus making it critical in the pre-LVAD implantation evaluation. Because of these 
connections and the higher pace at which these parameters change with changes in medical 
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condition, it is clear that STE plays an essential role in the evaluation of both early and advanced HF, 
allowing not only to prevent major myocardial damage but also to treat it with the most appropriate 
therapy. On the other hand, STE’s limitations, such as the need for optimal echocardiographic 
window, similar heart rate in different projections and pre-load dependence should not be 
underestimated (Figure 1). 

. 

Figure 1. The STE network for advanced HF evaluation and treatment. 

RVSWI: right ventricle stroke work index; LVAD: left ventricular assist device. 

8. Conclusions 

Despite its limitations, STE is a non-invasive technique that plays an important role in the clinical 
evaluation of patients with HF, both early and advanced. It identifies not only prognosis but also the 
most appropriate medical treatment. 
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