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Abstract  
 

 

Thesis Aims: 

1. To evaluate changes in left ventricular (LV) systolic longitudinal function, 3 months 

after mitral valve repair (MVR) in patients with chronic degenerative mitral 

regurgitation (MR) and normal preoperative ejection fraction (EF). 

2. To assess the effect of removal of LV outflow tract obstruction (aortic valve 

replacement for valve stenosis) on left atrial (LA) size and function recovery.  

3. To determine the value of right ventricular longitudinal strain (RVLS) in predicting 

the extent of RV myocardial fibrosis in patients with end stage heart failure (HF) 

requiring heart transplantation (HTx). 

4. To assess the relationship between mitral regurgitation severity, symptoms and LA 

structure and function, before and after valve repair/replacement. 

5. To determine the value of peak atrial longitudinal strain (PALS) in predicting the 

extent of LA fibrosis in patients with end-stage HF undergoing HTx. 

 

Study I 

Methods: We measured M-mode mitral lateral annulus systolic excursion (MAPSE) 

and Tissue Doppler (TD) peak systolic annular velocity (Sm) in 31 patients with 

moderate to severe MR and normal EF (59.9 ± 4.7 %) candidates for mitral valve 

repair, preoperatively and 3 months after surgery. 

Results: After mitral valve repair, Sm increased from 7.8 ± 1.4 to 9.6 ± 2.2 cm/s (p < 

0.0001) and MAPSE increased from 1.33 ± 0.26 to 1.55 ± 0.25 cm (p = 0.0013). EF 

decreased from 59.9 ± 4.7 to 51.3 ± 5.9 % (p < 0.0001). LV diameters and volumes, 
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wall thickness, mid-wall fractional shortening (mFS), and left atrial (LA) size were 

all reduced. 

Conclusion: This study suggests that assessment of LV long axis systolic velocity 

and amplitude of excursion by echocardiography is more sensitive than simple 

determination of EF for showing the beneficial impact of MR surgery on overall 

systolic function. 

Study II 

Methods: Peak atrial longitudinal strain (PALS) was evaluated in 43 patients with 

severe isolated aortic stenosis (AS), normal EF (56.6 ± 3.8 %) and no obstructive 

coronary artery disease before and 40 days and 3 months after AVR and compared 

them with 34 age- and gender-matched controls. 

Results: LVEF remained unchanged and LV mass regressed after AVR. Global 

PALS was reduced preoperatively and increased 40 days after surgery (p = 0.002) 

and showed only a slight further increase at 3 months follow-up (p < 0.0001). 

Indexed LA volume was large before surgery, but fell 40 days after surgery (p < 

0.0001) and showed only a slight further reduction after 3 months (p < 0.0001). 

Trans-aortic mean gradient change after surgery was the only independent predictor 

of the recovery of LA size and function. 

Conclusion: AVR reverses LA abnormalities and regains normal atrial function, a 

behavior directly related to the severity of pre-operative LV stenosis.  

Study III 

Methods: We studied 27 patients with severe systolic HF (EF ≤ 25 % and NYHA 

class III-IV) using echocardiography before HTx. RV free wall longitudinal strain 

(LS), right atrial LS (RALS), sphericity index (SI) and TAPSE were all measured. 
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From the myocardial histological analysis, the ratio of the fibrotic to the total sample 

area determined the extent of fibrosis (%). 

Results: RV myocardial fibrosis correlated with RV free wall LS (r = 0.80; p < 

0.0001), SI (r = 0.42; p = 0.01) and VO2 max (r = - 0.41; p = 0.03), with a poor 

correlation with TAPSE (r = - 0.34; p = 0.05) and RALS (r = - 0.37; p = 0.03). RV 

free wall LS was the main determinant of myocardial fibrosis. In the subgroup with 

severe RV fibrosis, free wall LS had the highest diagnostic accuracy for detecting 

severe fibrosis (AUC = 0.87; 95 % CI: 0.80-0.94).  

Conclusion: In end stage heart failure, RV free wall deformation is the best function 

measure that correlates with the extent of myocardial fibrosis, and determines 

exercise capacity.  

 

Study IV 

Methods: Global PALS was evaluated in 37 patients with severe symptomatic MR 

and preserved LV EF (60.4 ± 4.6%) before and 3 months after MVR and was 

compared with values from 30 age- and gender-matched controls. 

Results: Before surgery, global PALS was reduced and indexed LA volume was 

increased (p < 0.0001 for both). After MVR, both fell (p = 0.001 and p = 0.05, 

respectively) as did LVEF (p = 0.05), longitudinal strain- LS (p < 0.001) and LV 

mass -LVM (p < 0.0001). Before surgery, LA volume correlated modestly with LV 

end-diastolic volume (R = 0.51; p = 0.01); EROA correlated with PALS (R = - 0.69, 

p < 0.001) and with LV LS (R = 0.54, p = 0.01); and NYHA class correlated with 

PALS (R = - 0.69, p < 0.001), EROA (R = 0.69, p < 0.001), and with LA volume (R 

= 0.51, p = 0.04), but not with LV LS (R = 0.23, p = ns). LA volume was the 
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strongest predictor of global PALS reduction (p < 0.001) while global PALS was the 

main predictor of post-operative atrial fibrillation (AF) (p < 0.001).  

Conclusion: In patients with severe MR, EROA correlates with symptoms and LA 

PALS which itself predicts the occurrence of post-operative AF. 

Study V 

Methods: We studied 48 patients with severe systolic HF (EF ≤ 25 % and NYHA 

class III-IV) before HTx. PALS, LA volume and LA stiffness were all measured. 

From the LA myocardial histological analysis, the ratio of fibrotic to total sample 

area determined the extent of fibrosis (%). Right heart catheterization and 

cardiopulmonary exercise testing were also assessed. 

Results: LA fibrosis correlated strongly with PALS (R = - 0.76; p < 0.0001) and 

NYHA class (R = 0.73; p < 0.0001) and to a lesser extent with VO2 max (R = - 0.65; 

p = 0.001), LA stiffness (R = 0.58; p = 0.001), PAoP (R = 0.51; p = 0.03), E/e′ (R = 

0.55; p = 0.01) and E/A (R = 0.46; p = 0.01). Global PALS correlated modestly with 

VO2 max (R = 0.53; p = 0.001) and LA volume (R = - 0.48; p = 0.01) and weakly 

with E/e′ (R = - 0.36; p = 0.03). Multivariate regression analysis identified global 

PALS as the main determinant of LA myocardial fibrosis (β  = - 0.62, p < 0.001). A 

cut off value of 7.6 % gave an AUC of 0.79 on the ROC curve with a sensitivity of 

87 % and specificity of 84 % in predicting > 50 % myocardial fibrosis.  

Conclusion: LA PALS is the most accurate LA function parameter that correlates 

with the extent of myocardial fibrosis in patients with advanced systolic HF requiring 

HTx. PALS of 7.6% could be used as a cut off value for identifying patients with 

severe LA fibrosis. 
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Introduction  
 
 

The human heart is made of 4 chambers: the right atrium, left atrium, right ventricle, and left 

ventricle. The atria are smaller and have thinner, less muscular walls than the ventricles. The atria 

act as receiving chambers for blood, being connected to the veins that drain into the heart. The 

ventricles are the larger, stronger pumping chambers that eject blood into the circulation
1
, being  

connected to the arteries. Right sided cardiac chambers are smaller and have thinner myocardium 

compared to the left sided chambers. This difference in size between the two sides of the heart is 

related to their function and the size of the two circulations they support. The right side of the heart 

supports the pulmonary circulation to the nearby lungs while the left side of the heart pumps blood 

to the body extremities through the systemic circulation. To prevent blood from flowing backwards 

or ―regurgitating‖ back into the heart, a system of one-way valves is present in the heart. The heart 

valves are of two types, atrioventricular and semilunar valves.  

Atrioventricular valves  

The atrioventricular (AV) valves are located between the atria and ventricles and only allow blood 

to flow from the atria into the ventricles. While the AV valve on the right side of the heart ‗the 

tricuspid valve‘ is made of three cusps, the left sided valve ‗the mitral valve‘ has only two cusps. 

The AV valves are attached to the ventricular myocardium by chordae tendineae which pull on the 

AV valves to keep them from folding backwards causing regurgitation
2
. During ventricular systole 

and myocardial contraction, the AV valves look like domed parachutes with the chordae tendineae 

acting as the ropes holding the parachutes taut. 

 

Semilunar valves. 

http://www.innerbody.com/image_card01/card46-new2.html
http://www.innerbody.com/image_card01/card50-new2.html
http://www.innerbody.com/image_card02/card48-new.html
http://www.innerbody.com/image_card01/card48-new2.html
http://www.innerbody.com/image_card01/card48-new2.html
http://www.innerbody.com/image_card02/card47-new.html
http://www.innerbody.com/image_card02/card17-new.html
http://www.innerbody.com/image_card02/musc31-new.html
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The semilunar valves, so named for the crescent moon shape of their cusps, are located between the 

ventricles and the two great arteries, the aorta and the pulmonary artery. The right sided semilunar 

‗the pulmonary valve‘ guards the outflow tract of the right ventricle and the semilunar valve of the 

left side ‗the aortic valve‘ guards the left ventricle. The semilunar valves are smaller than the AV 

valves and do not have chordae tendineae to hold them in place. Instead, the cusps of the semilunar 

valves are cup shaped to catch regurgitating blood and use the blood pressure to snap shut. 

 

Left ventricular anatomy and fiber architecture 

The left ventricle (LV) constitutes the majority of the posterior surface and almost the entirety of 

the left lateral surface of the heart. It is formed by a cylindrical basal portion and a conical apex in 

cross-section, it appears nearly circular, with a surface that decreases going from apex to base, 

where ¼ is made by the interventricular septum and ¾ by the free wall. The LV muscular wall 

thickness is approximately 8-10 mm. 

The LV has walls with a high thickness if compared to cavity radius. Its circular muscle component 

constitutes most of the wall and is overlapped by two layers of longitudinal muscle fibers, placed 

both externally and internally
3
. At subendocardial level, the myocardial fibers are at angle of 

approximately 80° with respect to the transverse plane of the heart; this angle reduces up to 0° at 

midwall (when the myocardial fibers are circularly oriented) and finally further decreases, reaching 

-60°, at the subepicardial layer
4
. In particular, the two longitudinal myocardial layers are arranged 

as helical structure which is anchored to the fibrous ring of the AV valve, descend obliquely 

towards the ventricular margin, form a loop near the apex and then ascend up again to secure itself 

into the same fibrous ring. The muscle helix is laid clockwise (left-handed helix) at the epicardial 

layer and counter-clockwise (right-handed helix) at the endocardial layer
5
. 

http://www.innerbody.com/image_card02/card49-new2.html
http://www.innerbody.com/image_card02/card51-new.html
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Left atrial anatomy and fiber architecture 

Each atrium has a venous component, an appendage and the vestibule of the AV valve, together 

with the septum and the adjacent walls between the chambers. 

In the left atrium (LA) (Figure 1) the venous component, receiving the proximal parts of pulmonary 

veins, is considerably larger than the appendage. A terminal crest is lacking within the 

morphologically LA. The appendage itself is tubular, narrow, and hooked. The pectinate muscles 

themselves are less pronounced, being confined more or less to the appendage. The smooth walled 

vestibule of the LA supports the leaflets of the mitral valve and the coronary sinus which occupies 

the atrioventricular groove posteriorly
6
. 

 

 

Figure 1. (A) External view of the left atrium showing the tubular appendage with a 
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narrow junction (between arrows) to the pulmonary venous portion. (B) Internal aspect showing the valve of 

the oval fossa on the septum. Pectinate muscles are confined to the appendage. The vestibule leading to the 

mitral valve (MV) is smooth. Pulm. trunk: pulmonary trunk. 

 

The atrial walls consist of intricately intermingled muscular bundles orientated circumferentially 

and longitudinally. The circumferential bundles are most distinct at the base of the atria, while 

longitudinal bundles are mostly found in the innermost layers. The atrial musculatures at the 

atrioventricular junctions are separated completely from the ventricular mass by the respective 

fibro-fatty planes. 

The circumferential bundles in the LA are larger and stronger than those in the right atrium, again 

lying mostly on the vestibule. The principal circumferential bundle is the left extremity of the 

interatrial band (known also as Bachmann's bundle). This is best seen on the outer surface of the LA 

(Figure 2). It extends from the right to the orifice of the superior caval vein or the atriocaval 

junction and crosses the anterior wall of the LA transversely until it approaches the appendage, 

where it divides into upper and lower branches which encircle the narrow mouth of the appendage. 

 

 



5 

 

Figure 2. (A) Atria viewed from above after removal of epicardium. Interatrial band (large closed arrow) 

divides into upper and lower branches (small closed arrows). [>], Waterston's groove; - - - -, line of incision 

made to display the inside of the left atrium as shown in (B). (B) Septoatrial bundle (curved closed arrow) 

passes anteriorly to join with the longitudinal bundle (curved open arrows) which run between the left and 

right pulmonary veins. Pulm. trunk: pulmonary trunk; left pulm. veins: left pulmonary veins; right pulm. 

Veins: right pulmonary veins; sup. caval vein: superior caval vein. 

 

The upper branch extends from the LA longitudinal bundle, "the left septoatrial bundle" a flattened 

internal muscle (Figure 2 B). It originates from the antero-inferior margin of the septum, passes to 

the anterior base of the atrium, and attaches to the mitral ring. It then breaks up into longitudinal 

and circumferential bundles.  

The longitudinal bundle, the main branch, extends upwards and backwards into the superior and 

posterior wall between the right and left pulmonary veins. It then spreads on the posterior wall, 

some fibres extending into the vestibule and the mitral ring, while others insert into the central 

fibrous body as part of the inferior rim of the septum. The circumferential bundle continues 

transversely to the left and backwards, intermingling with Bachmann's bundle on the lateral wall.  

The muscle bundle of the sinus component of the LA, "the septopulmonary bundle", is larger than 

the comparable bundle of the right atrium. It originates from Waterston's groove and passes 

upwards to the anterior and superior wall behind Bachmann's bundle, where it ramifies to form as 

many as six branches. The largest fascicle becomes a circumferential bundle which continues to the 

left and intermingles with Bachmann's bundle on the lateral wall. The remaining branches, some 

very feeble, make various changes in orientation and cover the venous component almost 

longitudinally from the front to behind. 

 

The relationship between the LV and LA myocardial fibres  
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The circumferential muscles surround the base of the LA, mirroring the arrangement of LV 

circumferential muscle fibres which surround the ventricular bases. The circumferential atrial 

muscles are most distinct anteriorly, where they cross transversely to the posterior base of the LA as 

a thin, incomplete layer. The main longitudinal muscular bundles are internal or deep fibres which 

pass over the roof of each atrium to the corresponding AV ring. This muscle arrangement between 

the LV and the LA explains the close anatomical connection between the two chambers through the 

mitral valve plane which functions as a "piston" during systole and diastole. 

 

Normal left ventricular and left atrial function  

The complex geometry and myocardial structure of the LV implicates the presence of different 

ventricular determinants of its contractile mechanics. Subendocardial fibers mostly contribute to 

longitudinal shortening while midwall and subepicardial fibers mainly determine the 

circumferential and the twist function but all layers contribute to the myocardial radial thickening of 

the cavity
7,8

.  

During isovolumic contraction, there is simultaneous shortening of the inner subendocardial fibers 

(right-handed helix, the earliest to be electrically activated) and stretching of the outer subepicardial 

ones (left-handed helix, successively excited)
9
. There is also segmental shortening of the different 

LV regions with an early shortening within the subendocardial myofibers in the anterior wall and a 

late one in inferolateral segments
10

. Therefore, a mechanical gradient can be identified both 

between LV base and apex, and at transmural level. During the ejection phase, subendocardial and 

subepicardial regions undergo simultaneous shortening along the fibers and cross-fiber direction but 

subendocardial deformation has a higher intensity than in subepicardial layer
11

. Furthermore, in this 

phase, circumferential strain is greater than longitudinal one and there is also a base-to-apex 

gradient of both longitudinal and circumferential deformation, which is at higher magnitude near 
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the apex, lower at intermediate cavity level and the lowest is at the base
12

. Finally, during the post-

ejection phase a heterogeneous pattern can be identified: near the apex, there is shortening of the 

left-handed helix at subepicardial level which continues beyond aortic valve closure simultaneously 

to the lengthening of the right-handed helix of the subendocardial layer, whereas at the LV base 

there is stretching of myocardial wall along the left-handed helical subepicardial fiber direction 

accompanied by the shortening of the subendocardial fibers
13

. 

With regards to the radial function, LV myocardial thickening depends on shortening of 

longitudinal and circumferential fibers but it is important to highlight also the effect of shearing of 

groups of myocytes across each other (the so called ―shear strain‖) attributable to the peculiar 

sliding and rearrangement of myofiber sheets along cleavage planes during the cardiac cycle
14

. This 

aspect of function is necessary in order to amplify the myocytes shortening from 15% to 40% and 

obtain a normal LV ejection fraction (EF), over 60%
15,16

. Because shear strain is larger at the 

endocardium, here is where the thickening results are higher; and also increases from base to 

apex
17

. The helical architecture of myocardial fibers leads to a twisting motion of the LV during the 

cardiac cycle: a counter-clockwise rotation of the apex and a clockwise rotation of the base when 

viewed from the apical end of the ventricle.  

In the pre-ejection phase of the cardiac cycle, subendocardial shortening and subepicardial 

stretching establish a brief rotation of the apex because of the predominant mechanical activity 

along the right-handed helical direction
18

. During ejection, contraction of the subepicardial region 

(the direction corresponds with the orientation of the left-handed helical subepicardial fibers) 

determines the direction of the global twist. During this period, potential energy is stored in the 

elastic elements of the extracellular matrix (ECM) and in titin, a protein of cytoskeleton. Later, the 

successive untwisting (clockwise rotation) releases the energy accumulated during the preceding 

twist and contribute to the suction function of the LV, which determines early diastolic cavity 

filling. About 50-70% of normal ventricular untwisting takes place before the opening of the mitral 
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valve (first 20 seconds of the isovolumic relaxation period) and the remaining part is completed 

during the early stage of rapid ventricular filling
19

. Since the relaxation starts at the subepicardial 

layer, during proto-diastole, both relaxation of subepicardial fibers and shortening of 

subendocardial ones, contribute to clockwise rotation. 

The relationship between LA anatomy and mechanical function has not been adequately explored
20

. 

The LA operates as a reservoir and conduit compartment for blood flow from the pulmonary veins 

to the LV, and as a contracting chamber enhancing its filling
21

, in late diastole. LA reservoir 

function, which signifies its ability to fill during ventricular systole, is critical for LV filling by 

conserving energy during ventricular systole emitted after MV opening
22, 23

, called the restoring 

forces. This phase is influenced by atrial compliance, atrial contraction, and LV basal systolic 

descent
24,25

.  

LA conduit function, which reflects LV filling in early diastole, is predominantly impacted by the 

rate of LV relaxation
26, 27

, which is strongly influenced by LV compliance
28

. Such function is also 

associated with multiple factors, i.e. the suction force of the LV during diastole, LV end-diastolic 

pressure, LA recoil function and LA pressure. 

Atrial ‗systolic‘ function, which reflects atrial contraction at end-diastole, is controlled by preload, 

afterload, and contractile function
29

. The interaction between the three factors and their contribution 

to LV filling is complex showing phasic variations of the blood flow during different periods of the 

cardiac cycle
30

. During LV systole the LA functions as a receiving and dilating chamber, allowing 

uninterrupted filling of the LA when the mitral valve is closed. Blood flow from the left pulmonary 

veins enters the LA cavity (Figure 3) and starts rotating along a crescent-like axis to parallel the C-

shaped closure line of the mitral valve leaflets
31

.  
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Figure 3. Blood flow directions from the pulmonary veins to the LA cavity. 

 

In contrast, the flow from the right pulmonary veins travels separately along the LA wall, creating 

non-colliding streams of blood flow. These blood flow streams flush the LA surface and protect it 

from hemodynamic stasis and thrombus formation, while the LA reservoir expands to reach its 

maximal volume. One could assume that the lack of an intervening atrial chamber would halt the 

forward movement of venous blood flow, when the mitral valve is closed, and let the kinetic energy 

of the moving blood convert to a surge of static pressure that might damage the pulmonary venous 

architecture during each ventricular systole. This shielding action of the dilating atria that sustains 

continuous forward blood flow in systole remains largely under appreciated
32

. 

The diastolic filling phases show more intricate hemodynamic interactions. In early diastole, blood 

flow rotation ceases in the LA as the body of blood drops into the LV cavity (passive filling) but 

contributes to the vortex formation inside the LV cavity. This early diastolic vortex is stronger than 

flow rotation seen in the LA and ensures a build-up of kinetic energy that is used in expanding the 

LV to a larger end-diastolic volume. Because LV expansion greatly exceeds the volume reduction 

of the LA, a large volume of blood is enters directly into the LV from the pulmonary venous 

circulation (conduit volume). During diastasis, the speed of transmitral flow is transiently reduced 
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before the onset of atrial contraction which energizes the flow at the end of ventricular diastole and 

vortex formation. Flow vortex in late diastole helps redirecting LA flow toward the LV outflow 

region and has been suggested to help primarily LV blood flow during pre-ejection (often called a 

hoop-LA nudge), stretching the myocytes for pre-load-related adjustments in LV shortening strains. 

 

Based on the close anatomical relationship and fibre architecture described above, the LA systolic 

function should always be considered as closely related to that of the LV, through the dynamics of 

the mitral annulus in systole and diastole. While the LA base moves down towards the LV apex in 

systole, the LV base moves upwards towards the back of the LA in late diastole ‗atrial systole‘ this 

reciprocal function is controlled by the longitudinal LV and LA muscle bundles, respectively.  This 

myocardial dynamics keep the balance between stored elastic potential energy and kinetic energy in 

the ventricular and atrial free wall33,34.  

As demonstrated with M-mode and Doppler Tissue Imaging (DTI), during ventricular systole, long 

axis function has a major role in determining AV interactions as the motion of the two atrio-

ventricular valve rings towards the cardiac apex during ventricular systole has the effect of 

correspondingly increasing the capacity of the two atria as their floors move downwards. The 

opposite happens in diastole with the backward movement of the atrioventricular rings followed by 

further backward motion during atrial systole. These two phases contribute significantly to LV 

filling in early and late diastole, respectively. 

Atrial function, in a close interdependence with LV function, plays a key role in maintaining an 

optimal cardiac performance. The LA modulates LV filling through its function, whereas LV 

function influences LA function throughout the cardiac cycle. Likewise changes in LA pressures are 

impacted by those of the LV.  Finally, LA remodelling has been shown to relate to LV remodelling, 

having a central role in maintaining optimal cardiac output despite impaired LV relaxation and 

reduced LV compliance
35

. 
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Age related changes in LA function 

Recent studies have shown significant age and sex influence on cardiac structure and function 

measurements showing that cavity size is larger in males and ejection fraction higher in females and 

the level of arterial stiffness increases with increasing age, particularly in females
36,37

. Age-related 

cardiac function changes were rather striking in showing a positive relationship with EF, but 

negative relationship with long axis function
38

. These two functions are not contradicting, but rather 

complementary. The increase in EF with age reflects the age-related rise in peripheral resistance 

and arterial stiffness caused by collagen deposition and microcirculation disease. The fall in long 

axis function reflects a similar age-related changes involving the subendocardial layer of the 

myocardium and potential development of fibrosis with increasing age. It is therefore likely that the 

increase in LVEF with age is a nature-dictated compensatory mechanism to the fall in 

subendocardial function. This interpretation is further supported by the negative relationship 

between systolic blood pressure and long axis amplitude of motion.  

 

Diastolic LV function also follows the same pattern with age-related fall in early diastolic 

myocardial velocities, as showed before
39

, and an increase in late diastolic velocities, supported by 

the prolongation of LV isovolumic relaxation time and the physiological increase in left atrial areas 

and volumes. The latter support the theory that the Frank–Starling mechanism is also operating in 

the LA, so when dimensions increase, output also increases in order to maintain a normal stroke 

volume. Eventually, LA contractile function drops when optimal Frank–Starling relationship is 

exceeded
40

 (Figure 4). The structural changes of the LA wall ageing, including the increase in fatty 

tissue, collagen and fibrosis, leads to progressive LA remodelling. However, current data support 

the theory that LA dilation and impaired function reflect rather the clinical conditions that 

frequently accompany ageing than represent the effect of physiologic ageing alone. Changes in LV 
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diastolic function with age are initially compensated by an increased atrial contribution to LV 

filling. The LA conduit function decrease with ageing, which can be an expression of LV diastolic 

dysfunction, whereas LA reservoir function remains unchanged. 

   

 

 

 
 

Figure 4. Frank–Starling law applied to the left atrium. 

 

 

 

 

 

 

 

Echocardiography in studying left ventricular structure and function 

A) Conventional measurements 

LV dimensions, volumes and wall thicknesses are echocardiographic measurements widely used in 

clinical practice and research. To obtain accurate linear measurements of interventricular septal and 

posterior wall thicknesses and LV internal dimension, recordings should be made from the 

parasternal long-axis acoustic window.  LV internal diameters at end-systole and end-diastole (ESD 

and EDD, respectively) are measured from the left parasternal cross-sectional recording of the 

minor axis. Likewise, interventricular septum and posterior wall thicknesses (IVST and PWT, 

respectively) are measured at end-diastole from the same M-mode recording. LV EF is calculated 
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from the apical views using the biplane modified Simpson method. LV mass (LVM, in grams) is  

calculated using the Penn formula 
41

: 

 

LVM = 1.04 (LVIDd + PWTd + IVSTd)
3
–LVIDd – 13.6 g 

 

 

where LVIDd is LV end-diastolic internal diameter; PWTd, diastolic posterior wall thickness; and 

IVSTd, diastolic interventricular septal thickness. LVM is subsequently indexed to body surface 

area (BSA). From ventricular volumes (end-diastolic and end-systolic volumes [EDV, ESV], 

respectively) can be measured and LV ejection fraction (EF) calculated as: 

 

Ejection fraction = (EDV- ESV)/EDV 

According to the latest ASE/ESE recommendations, EF is defined normal when values are above 

52%, while values from 41- 51%, 30-40%, and <30% represent mild, moderate, and severe 

abnormalities, respectively
42

. EF still remains the most commonly used echocardiographic 

parameter for the evaluation of LV systolic function in clinical practice, from diagnosis to 

prognostication
43,44,45,46

. Despite its widespread application, it has several limitations. Firstly, it 

lacks high reproducibility between operators, mostly because of the difficulty to obtain good images 

or to define accurately the endocardial border in all patients. Secondly, EF is not sufficiently 

accurate when LV geometry is altered as in wall motion abnormalities or in aneurysms; however, 

3D echocardiography, and, partly, contrast-enhanced echocardiographic have shown to raise 

accuracy and feasibility although on the expense of a longer acquisition time. Thirdly, EF is 

strongly affected by heart rate, loading conditions, presence of mitral regurgitation and 

interventricular shunts, contraction dyssynchrony. 

 

B) Mitral annular plane systolic excursion (MAPSE) 
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MAPSE represents the left AV plane displacement, assessed by M-mode echocardiography. In the 

apical four-chamber view, measurements are made with M-mode beam positioned at the lateral 

mitral annulus, in line with the LV long axis. The annular plane is identified as the first continuous 

line immediately below the LV cavity (figure 5). MAPSE is measured from the nadir to the peak of 

the excursion of the lateral mitral annulus. A mean value ≥ 15 mm is considered as normal
47

. 

MAPSE can be considered as a surrogate of LV longitudinal function and a good predictor of EF
48

. 

It has been employed in many clinical settings, from arterial hypertension and valvular diseases to 

heart failure (HF), coronary artery diseases and shock
49,50,51,52

. It is a simple, highly reproducible 

and feasible method
53

. However, this index is angle-dependent and can be reduced in case of 

regional wall motion abnormality even if global LV systolic function is preserved; it is less valid 

and difficult to assess in patients with significant annulus calcifications, valvular prolapse or 

surgery, previous pericardial incision as well as those with conduction abnormalities. 
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                   Figure 5. Mitral annular plane systolic excursion (MAPSE) measurement. 

 

C) Tissue Doppler Imaging (TDI)  
 
Doppler echocardiography is based on the detection of a shift in the frequency of ultrasound signals 

reflected from moving objects. Conventional Doppler techniques assess the velocity of blood flow 

by measuring high-frequency and low-amplitude signals from small and fast-moving red blood 

cells, while in TDI, the same principle is used for the quantification of the higher-amplitude and 

lower-velocity signals of myocardial tissue motion obtaining a real-time recording with high 

temporal resolution
54

. In order to measure longitudinal myocardial velocities, the PW sample 

volume is placed in the LV myocardium immediately adjacent to the mitral annulus, both at lateral 

and septal (or medial) position, in the four-chambers view. During a normal cardiac cycle, the TDI 

curve displays an initial positive or biphasic deflection corresponding to the LV isovolumic 

contraction (S1), and a second larger positive wave (S2), usually referred to as S‘, corresponding to 

the LV ejection phase, during systole. This is followed by diastolic phases which are composed of 

two negative deflections: E‘, early diastolic myocardial relaxation velocity and A‘, myocardial 

velocity associated with atrial contraction
55

 (figure 6). Usually lateral and septal values are 

averaged for accurate assessment of cavity function. PW TDI is appropriate for the measurement of 

LV long axis movement because the longitudinally oriented endocardial fibers are most parallel to 

the ultrasound beam in the apical views. The apex remains relatively stable throughout the cardiac 

cycle so LV motion at the mitral annular level reflects a true measure of overall basal longitudinal 

LV contraction and relaxation. TDI has high feasibility and reproducibility, even in patients with 

suboptimal acoustic window, but being an angle-dependent measurement, it suffers from similar 

limitations to those of MAPSE and it is influenced by translational movement of the other LV 

segments and by tethering effects56. TDI has been applied to different cardiac settings, and has 
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shown to be a sensitive parameter of systolic impairment and disease, e.g cardiomyopathies 

(hypertrophic, ischemic and amyloidosis), arterial hypertension, and valvular heart diseases57,58,59
. 

 

 

 

            Figure 6. Tissue Doppler Imaging of the lateral mitral annulus in a young woman. 

 

 

D) Speckle Tracking Echocardiography and Strain parameters 

Speckle Tracking Echocardiography (STE) represents a non-invasive method for the evaluation of 

global and regional myocardial function of cardiac chambers, independent from translational 

movements and angle view. Its name is derived from speckles, a set of pixels that form the 2D grey-

scale echocardiographic image as the result of the interaction between the ultrasound beam and the 

myocardium. Each myocardial region has a unique and stable speckle pattern that allows 

differentiating it from the close ones throughout the cardiac cycle. Thanks to specific software, once 

different regions are identified, it is possible to assess deformation (strain, %), its velocity (strain 

rate, 1/s), rotation (°) and its velocity (rotation rate, °/s) of LV with correlated parameters, torsion 

(°) and twisting (°/s).  
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Strain represents the myocardial deformation during contraction or stretching phase. It is described 

by the following Lagrangian formula: 

 

 = L – L0/L0 

 

where L0 identifies myocardial length at time 0 (by definition, the end-diastolic length of 

myocardial wall) and L is myocardial length after the deformation. Strain in expressed as a 

percentage (%) since it evaluates the entity of the deformation. Conventionally, negative strain 

values indicate shortening or compression, while positive ones identify lengthening or stretching.  

 

Strain Rate (ε‘) is the myocardial deformation rate that is the velocity, per unit time. Strain rate is 

expressed as seconds
–1

 .
60

  STE allows to decompose the different three-dimensional (3D) elements 

of LV motion: longitudinal, radial and circumferential deformation and, in addition, rotation 

movements (twisting, untwisting, torsion) during the cardiac cycle. STE is characterized by high 

temporal and spatial resolution and, being a semi-automated technique, it has a good inter- and 

intra-observer reproducibility. Moreover, it benefits from angle independence, less effect by in-

plane translational motions of the heart and can assess simultaneously the entire LV myocardium
61

. 

 

Longitudinal strain (LS) represents myocardial shortening along the base-apex axis and is 

characterized by negative curves during systole (figure 7). It is assessed in the apical two-, three- 

and four-chambers views, identifying 16 or 17 segments. It is possible to calculate the averaged LS 

value of all segments, obtaining the global LS (GLS), an important index of overall LV systolic 

function. In particular, LS allows detecting early damage that affects longitudinal subendocardial 

fibers e.g. in arterial hypertension or ischemic insult, before EF alters
62,63. GLS has been widely 
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analyzed in various clinical setting during the last decade. A cut-off value of -19.7 ± 0.8% is 

considered normal
64

. 

 

                      Figure 7. Left ventricular longitudinal strain measurements in a young man. 

 

 

Radial strain (RS) identifies myocardial deformation toward the center of LV cavity and 

corresponds to wall thickening and thinning during systole and diastole, respectively. RS curves are 

positive in nature and are measured in the parasternal short axis, at three levels: base, papillary 

muscles and apex. From the same scans, it is possible to analyze circumferential strain (CS) that 

represents myocardial shortening along LV perimeter direction (figure 8). It identifies negative 

curves during systole and a global CS (GCS) can be calculated. GCS examines in detail 

circumferential LV midwall fibers function. RS and CS have been scarcely applied to the study of 

LV systolic function so far and RS has been mostly used to detect myocardial dyssynchrony
65

. 
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       Figure 8. Left ventricular radial and circumferential strain measurements in a young man.  

 

STE also allows studying the counterclockwise rotation of the apex and the clockwise rotation of 

the base when seen from the base, which reaches almost simultaneously their peak phase at end-

systole. The combination of these two opposing rotating movements generates twisting during 

systole and untwisting in diastole. The rotation at intermediate myocardial levels from the base to 

the apex and near the papillary muscles is almost zero
66

. For this reason and in order to obtain 

twisting values, it is necessary to record a short-axis section both at basal and apical level, with the 

same frame rate, making sure that there is no significant change in heart rate between the two. 

Moreover, the torsion (figure 9) is evaluated by normalizing the twisting angle for the LV base-

apex length. Peak twisting and time to peak twisting provides an added value, beyond LV EF, for an 

accurate evaluation of ventricular motion even in microscopic remodelling where standard 

echocardiographic indexes are still normal but cardiac remodelling has already altered the capacity 

of the myocardium to store potential energy during systole. LV twisting values of 9.3 ± 1.8° are 

considered normal
67

. 
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                                                     Figure 9. Left ventricular torsion measurement.  

 

Images for STE analysis are obtained using 2D grey scale echocardiography during brief breath 

holding and with stable ECG tracing. Attention must be paid to obtain true apical and short-axis 

images using standard anatomic landmarks in each view, avoiding foreshortening of myocardial 

structures in order to allow more reliable tracing of the endocardial border. The optimal frame rate 

is set between 60 and 110 frames per second. It is recommended to begin with STE analysis of an 

apical long-axis chamber view to select the frame corresponding to the aortic valve closure. Apical 

4- and 2-chamber view acquisitions are necessary for LS, and short-axis recordings useful for RS, 
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CS, and rotation analysis. Acquired images are then processed using a dedicated software that 

allows offline semi-automated analysis of STE. The endocardial border of the analyzed myocardial 

segments is manually traced in apical and/or short axis views by a point-and-click approach. The 

epicardial surface tracing is then automatically generated by the system, thus creating a region of 

interest (ROI). After manual adjustment of the ROI in width and shape, the software automatically 

divides it into 6 segments. The tracking quality for each segment is automatically scored as either 

acceptable or unacceptable, with the possibility of further manual correction. Segments for which 

no adequate image quality can be obtained are rejected by the software and excluded from the 

analysis. Finally, the software generates a strain curve for each analyzed myocardial segment and an 

averaged curve. By averaging values observed in all segments, global strain values could then be 

obtained. Moreover, if the LS analysis is performed in all 3 apical views, the software automatically 

generates a topographic representation of all 17 analyzed segments (bull‘s eye, figure. 10). 

 

 

                            Figure 10. Bull’s eyes representation of all 17 left ventricular segment analysis. 

 

Echocardiography in studying left atrial structure and function. 
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Left atrial area and volume 

LA area and volume are measured using the biplane method of disks (modified Simpson's rule), in 

the apical 4- and 2-chamber view at end-systole (maximum LA size), and a mean value of area and 

volume are obtained. LA mean area and volume are subsequently indexed to BSA. 

 

Left atrial longitudinal strain 

Born for the analysis of LV myocardial deformation, STE has been also extensively applied to the 

other heart chambers, such as the LA. After acquiring images in the apical four- and two-chambers 

view, 6 different LA segments can be traced. This process gives 12 total segments with 

corresponding 12 curves for which the software then generates an averaged curve. We recognize 

two longitudinal LA strain parameters: peak atrial longitudinal strain (PALS), measured at the end 

of the LA reservoir phase, and peak atrial contraction strain (PACS), identified just before the 

beginning of the active phase of LA systole
68

 (figure 11). The mean values are defined respectively 

as global PALS and global PACS. 
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Figure 11. Peak atrial longitudinal strain (PALS) and peak atrial contraction strain (PACS) in a healthy 

subject. 

 

 

LA Stiffness estimation. 

The ratio of invasively measured pulmonary artery occlusion pressure (PAoP, wedge pressure) to 

PALS has been used to estimate LA stiffness
69

, applying the formula: 

 

PAoP/PALS 

The E/e‘ ratio was also used in conjunction with PALS to derive a non-invasive dimensionless  

parameter, because the ultimate clinical application is one where all data are obtained 

noninvasively
70

 with the formula:  

E/e’/PALS. 

 

Left ventricular function in response to pressure overload 

Aortic stenosis (AS) is the most common left-sided valve lesion
71

, and moderate or severe AS affect 

more than one in eight individuals over 75 years of age
72

 and it represents the classical form of LV 

pressure overload. AS is highly dependent on the responses of the myocardium and vasculature
73,74

. 

This response is complex and consists of a combination of wall thickening, change in cavity size 

and fibrosis, with the resulting effects on systolic and diastolic function. This is further complicated 

by comorbidity associated with progressive ageing, in particular coronary artery disease, 

hypertension, diabetes and the progressive decrease in the compliance of the vascular bed. 
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In classical AS, a longstanding increase in global LV afterload results in concentric hypertrophy 

and an elevation of end-diastolic pressure
75

. This hypertrophy is the main compensatory mechanism 

in the early phase of the disease, limiting wall stress and maintaining normal endocardial 

shortening
76

 by offsetting the raised intracavity pressure
77

. Cardiac output and LV filling pressures 

may remain within normal limits despite very high pressures
78

. 

This is characterized by a slow increase in transvalvular gradient until finally flow drops and the 

gradient starts to reduce
79

. The changes in the extracellular collagen matrix and a decrease in 

myocardial perfusion pressure eventually lead to subendocardial ischaemia
80

, resulting in 

myocardial apoptosis and fibrosis. In addition, many factors including age, gender, genetics, 

hypertension and the presence of coronary artery disease influence ventricular behaviour and 

remodelling
81

. The additive effect of concomitant systemic hypertension leads to a significant 

increase in LV systolic wall stress, which further increases global afterload, resulting in impairment 

of myocardial function leading to increased perioperative complications and reduced survival
82

 

The progression of severe AS and the compensatory mechanisms resulting in a high gradient 

followed by LV failure and a reduction in gradient is attractive but unfortunately does not describe 

the majority of patients destined to develop severe AS with a low transvalvular gradient, whether or 

not the EF is preserved or impaired. A proportion of such patients demonstrate excessive LV 

hypertrophy. In patients with LFLG AS (low flow, low gradient aortic stenosis), only 5 % have 

been shown to have evidence for previous high gradient. In these patients with LFLG AS, there was 

a gradual increase in wall thickness, reduction in end diastolic diameter and small reduction in EF, 

over a 5-year follow-up period. The results suggest that LFLG AS with preserved LVEF is not an 

end-stage high-gradient disease but a separate entity characterised in part by progressive 

maladaptive LV remodelling
83

.   

When the limit of sarcomere extension and diastolic stiffness is reached, the ―adaptive‖ mechanisms 

to pressure overload are exceeded. The LV becomes unable to maintain a normal stroke volume in 
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the setting of limited preload reserve, a condition known as ―afterload mismatch‖, which implies 

that myocardial contractility is not depressed and that LV size and function will recover, once the 

valvular obstruction is relieved
84

. A potential underlying mechanism involving the transition from 

LV hypertrophy/high afterload states to heart failure is the increase in LV filling pressure leading to 

increased wall tension and myocyte stretch.  

This can be observed by deterioration of diastolic properties that improve after correction of AS 

which is closely related to clinical outcome
85,86

. The magnitude and chronicity of the increased LV 

filling pressure are associated with an increase in LA size
87

, which has been shown to predict 

postoperative symptomatic improvement and subsequent prognosis
88

. This process results in 

fibrosis, apoptosis and, in turn, atrial enlargement
89

. The extent of myocardial fibrosis affects 

systolic and diastolic function and appears to have a significant effect on clinical outcome and long-

term survival after aortic valve replacement (AVR)
90

, suggesting at least partially irreversible 

remodelling. 

The ventricular hypertrophic adaptation follows four well recognised mechanistic patterns: normal 

ventricular geometry, concentric remodelling, concentric hypertrophy and eccentric hypertrophy
91

. 

Concentric remodelling is defined by a normal LV mass and an increased relative wall thickness 

and concentric hypertrophy by a combination of hypertrophy and increased relative wall thickness. 

It has been suggested that adaptive remodelling becomes maladaptive with increasing LV 

hypertrophy and consequent myocardial fibrosis. Cioffi et al. showed that over 10 % of patients 

with asymptomatic severe AS exhibited inappropriate LV hypertrophy and these patients had a 4.5-

fold higher risk of death, AVR or hospital admission
92

. The severity of AS has been shown to be 

unrelated to the pattern of hypertrophy, supporting the multifactorial nature of LV remodelling
93

. In 

LFLG AS, longitudinal myocardial shortening is affected, to a larger extent, due to a more 

advanced fibrosis in the subendocardial layer
94

. It is associated with concomitant systemic 

hypertension in around 77 % of patients
95

, which may induce a low flow state despite normal LV 
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EF. The LV therefore faces a double afterload due to the AS and the arterial load, as a consequence 

of reduced arterial compliance. Paradoxical (preserved EF) low flow low gradient AS is 

characterised by a restrictive physiology, more pronounced LV remodelling and myocardial fibrosis 

contributing to a reduction in size, compliance and filling of the LV
96

. The advanced fibrosis in the 

subendocardial layer is associated with a reduction in longitudinal shortening. These patients have a 

worse prognosis than those with moderate AS or normal flow severe AS
97

. The prognosis of these 

patients is also worse if treated medically rather than surgically. 

 

 

Left atrial function in response to pressure overload 

LA is highly dynamic and responds to stretch with the secretion of atrial natriuretic peptides. The 

counterbalance of natriuresis, vasodilatation, and inhibition of the sympathetic and renin–

angiotensin–aldosterone systems allows partial restoration of fluid and haemodynamic balance
98, 99, 

100
. LA enlargement is mostly the result of pressure and/or volume overload. LA enlargement due to 

pressure overload is usually secondary to increased LA afterload in the presence of mitral stenosis 

or LV dysfunction. The relationship between LA enlargement and increased LV filling pressure has 

been shown in individuals with and without mitral valve disease
101

.  

LA afterload is determined largely by its elastic properties and downstream pressure increases with 

more severe LV diastolic dysfunction and elevated LV filling pressures. LA preload, on the other 

hand, is principally volume-dependent. Studies in both animals and humans have shown that LA 

size increases with LA volume and pressure, with an associated initial gain in contractile 

shortening. However, with progressive dilatation of LA, which eventually leads to a threshold fibre 

length, atrial shortening and contractility begin to decline. This threshold effect appears to be 

similar to the LV Frank–Starling curve. Beyond that threshold, further enlargement will only result 

in deterioration of atrial function
102

. 
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High blood pressure increases LV end-diastolic pressure and induces LV diastolic dysfunction, 

which subsequently increases the LA pressure and wall stress. The LA pressure overload induces 

pathophysiological changes, which cause structural and functional remodelling. These changes alter 

LA electrophysiological features and increase atrial ectopic activity, culminating in the onset of 

paroxysmal atrial fibrillation. Hypertension causes an increase in LV wall stress that causes 

myocardial hypertrophy. Increased LV wall thickness elevates LV diastolic pressure, induces 

subendocardial ischaemia and eventually myocardial stiffness and fibrosis, which constitute a 

favorable substrate for arrhythmia, not only in the LV but also LA.  In hypertension ‗pressure 

afterload‘ with sinus rhythm, LV end-diastolic pressure is increased and the normal recoil function 

causes the decrease in passive emptying function of the LA. In hypertension with AF, LV diastolic 

function is impaired, end-diastolic pressure is elevated and LA recoil function is also impaired; that 

results in increased LA pressure.  

LA is also a contractile chamber that actively empties immediately before the onset of LV 

systole
103

. In several studies, hypertension was found to be associated with increased atrial 

contractile function to compensate for the decreased early LV filling. Increased LA contractility has 

been attributed to Frank-Starling law, in which increased dimensions lead to wall stretching which 

result in increased atrial force. This cavity dysfunction eventually leads to LA remodeling. 

 

 

 

Left ventricular function in response to volume overload 

Mitral regurgitation (MR) has become the second common valve disease in the West
104

; it causes 

chronic volume LV overload that results in LV remodeling and dysfunction, pulmonary 

hypertension, atrial fibrillation (AF), HF, and if not surgically corrected, may eventually cause 
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death105. In primary MR (due to the organic valve disease), the correction of primary MR in a timely 

fashion reverses these consequences. Conversely, in secondary MR the mitral valve itself is usually 

normal; however an LV, previously damaged by coronary artery disease and myocardial infarction 

or by dilated cardiomyopathy, develops papillary muscle displacement and annular dilatation, 

causing the mitral valve to regurgitate. Because this is a primarily ventricular problem, it is less 

obvious that correcting the MR by itself will be curative or even beneficial. Thus, although 

treatment of primary MR is relatively straightforward, that of secondary MR is considerably more 

controversial
106

. 

Primary MR imposes a pure volume overload on the LV. In almost all other volume overloads, the 

excess volume pumped by the LV is ejected into the aorta, where it widens the pulse pressure, in 

turn increasing systolic pressure. Thus, most volume overloads, such as anaemia and aortic 

regurgitation (AR) are actually combined pressure and volume overloads. On the other hand, the 

extra volume ejected from the LV enters the LA and systolic blood pressure is not usually elevated. 

In fact average systolic blood pressure in severe MR is about 110 mmHg, compared with about 150 

mmHg for AR
107

. 

Indeed when load was compared between mitral and AR preload is increased, as would be expected 

for volume overload pathophysiology. However, afterload is normal in MR but greatly increased in 

AR. It is generally agreed that LV loading represents the mechanical signals that orchestrate LV 

 emodelling. The unique loading conditions of MR generate a unique pattern of  emodelling, with 

the largest radius-to-thickness ratio and the smallest mass-to-volume ratio of the 4 left-sided valve 

lesions
108

. This pattern of  emodelling is both adaptive and maladaptive. Increased LV volume 

allows total stroke volume to increase, in turn increasing forward stroke volume, compensating for 

the volume lost in regurgitation. In addition the relatively thin LV wall enhances diastolic filling.  

Indeed MR is one of the very few cardiac diseases in which diastolic function is supernormal
109

. 

However, the increased radius to-thickness ratio also has its downside. Recall that wall stress is:  
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 = p x 2/h,  

 

where ―p‖ is LV pressure and ―r‖ is  LV radius, and ―h‖  is LV thickness. 

Although MR is often viewed as a lesion that unloads the LV by creating a second pathway for 

ejection, in fact the  emodelling pattern, by increasing r/h, may actually increase afterload. Only in 

acute MR afterload is decreased; in chronic compensated MR afterload is normal, and in chronic 

decompensated MR afterload may be greater than normal
110

. The mechanism by which hypertrophy 

develops in MR also seems to be unique.  

It is well known that myocardial proteins are constantly turning over. For cardiac mass to remain 

constant, the rates of protein synthesis (Ks) and that of protein degradation (Kd) must also remain 

constant. For hypertrophy (increased mass) to occur, Ks must exceed Kd either because Ks 

increases or because Kd decreases. In pressure overload, hypertrophy develops from increased Ks 

as one might expect
111

. However, in MR, hypertrophy seems to occur from a decrease in Kd 

because no increase in synthesis rate has been detected
112

.Although MR may be tolerated for a long 

time, progression to HF with muscle dysfunction may be more rapid
113

. This transition to heart 

failure is paralleled by myocyte dysfunction and sympathetic activation
114

. In general, regurgitant 

fractions (RFs) of < 0.40 seem to be tolerated indefinitely in both the experimental animal and in 

humans, whereas RFs exceeding 0.50 usually leads to heart failure. Myocytes and/or myocardial 

strips taken from subjects in HF show loss of contractile elements and abnormalities in calcium 

handling
115

. Both correction of the volume overload and beta blockade (at least in animals) can 

improve contractility at the chamber and sarcomere levels, suggesting that sympathetic overactivity 

as well as the volume overload itself are implicated in the pathophysiology of the LV 

dysfunction
116117

. 
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In addition, in humans the sympathetic nervous system is activated in this disease and activity 

correlates with the amount of LV dysfunction. Thus reduction of MR and/or beta blockade might 

serve as therapeutic targets
118

. The pathophysiology of primary MR is relatively straightforward. 

The incompetent valve causes an LV volume overload, leading to ventricular remodeling, 

myocardial dysfunction, and HF. Correction of the MR and of the volume overload in a timely 

fashion leads to reversal of its pathophysiological consequences. However, the pathophysiology of 

secondary MR is much more complex. The myocardial damage either through one or more 

myocardial infarctions or from dilated cardiomyopathy causes an anatomically normal valve to 

leak. Even if the MR is corrected, the underlying muscle disease will still exist. This fact must 

contribute to worsened prognosis of secondary MR
119,120

.  Thus the advantages of correction of 

secondary MR are less clear. It is established, however, that the presence of MR in ischemic and 

dilated cardiomyopathies worsens prognosis. These data has 2 potentially different interpretations. 

On one hand, it may be that the volume overload created by the MR adds a greater pathologic 

burden to an already adverse condition
121

. On the other hand, it may simply be that poorer the LV 

function is the cause of the poor prognosis and that the MR simply is an indicator of the poorer LV 

function. 

 

Left atrial function in response to volume overload 

LA volume overload, resulting from MR, arteriovenous fistula, left to right shunt, or high cardiac 

output state can contribute to LA chamber enlargement and remodelling.  

More often, LA dilatation is a pathological response to volume overload in primary MR, which 

permits LA pressure homeostasis and increased volume considered a powerful predictor of 

cardiovascular morbidity and mortality
122

. Chronic MR provokes LA remodelling with chronic 

inflammatory changes, interstitial fibrosis, myocyte hypertrophy, and decreased matrix 
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metalloproteinase expression impairing LA elastic properties and compliance with subsequent 

elevation of LA pressure
123

.  In a recent report of patients with primary MR and sinus rhythm, 

severe LA dilatation (LAVI >60 mL/m
2
) was associated with poor outcome independently of 

predictors with MR, even in those without symptoms and with maintained LVEF. Consequently, 

LA volume should be a component of comprehensive echocardiographic assessment and 

incorporated into the clinical decision making process regarding the management of patients with 

significant MR
124

. 

Moreover, studies
125, 126

 showed the existence of several changes in atrial ultrastructure in relation 

to LA dilation due to chronic MR. Mary-Rabine et al
127

 have shown that the LA contractile force 

was reduced in patients with MR who underwent atrial biopsy during cardiac surgery, and it was 

due to myolysis and an imbalance in collagen synthesis and degradation. Severe MR imposes 

excess volume load on the LA, which responds with a range of adaptive and maladaptive processes. 

These include myocyte growth, hypertrophy, and, finally, necrosis and apoptosis, as well as 

alterations in the composition of extracellular matrix, with excessive fibroblast proliferation, 

leading to myolysis and, consequently, loss of the contractile apparatus. To date, previous studies 

have shown that ventricular fibrosis causes progressive stiffening of the ventricular wall, resulting 

in ventricular dysfunction and congestive heart failure
128

. Similarly, the increase in interstitial 

fibrosis in the setting of mitral valvular disease compromises the elastic properties of the atrial 

myocardium and inevitably leads to impairment of atrial compliance and thus to a reduction of LA 

reservoir function
129, 130

.  

A previous research
131

 demonstrated an enhanced LA function in mild MR and its progressive 

decline in more than moderate MR, showing an impairment global PALS, in patients with moderate 

and severe MR, with an additional reduction in those patients who experienced an episode of 

paroxysmal AF
132

, potentially explained by the presence of LA ultrastructural abnormalities. In our 

patients, STE analysis in patients with severe MR who underwent mitral valve repair (MVR) 
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showed a stepwise reduction of global PALS with a significant degree of fibrosis as shown  

histologically
133

. 

These myocardial changes promote a cascade of reactions, which lead to LA remodeling with 

structural, functional, electrical, metabolic, and neurohormonal consequences
134

, increasing the 

likelihood of AF development and HF symptoms
135

. They have also demonstrated an adverse 

prognosis linked to progressive LA substrate remodeling, showing the correlation between stroke 

and high level of LA fibrosis, detected by delayed enhancement magnetic resonance imaging in 

patients with AF
136

. 

 

Right ventricular anatomy and fiber architecture 

The right ventricle (RV) in the normal heart is the most anteriorly situated cardiac chamber since it 

is located immediately behind the sternum. It also marks the inferior border of the cardiac 

silhouette. In contrast to the near conical shape of the LV, the RV is more triangular in shape when 

viewed from the front and it curves over the LV. When seen from the apex, the right edge of the RV 

is sharp forming the acute margin of the heart. In cross section the cavity appears like a crescent. 

Thus, the curvature of the ventricular septum places the RV outflow tract antero-cephalic to that of 

the LV‘s resulting in a characteristic ‗‗cross over‘‘ relationship between right and LV outflow 

tracts
137

 

The musculature of the subpulmonary infundibulum raises the pulmonary valve above the 

ventricular septum to position the pulmonary valve as the most superiorly situated of the cardiac 

valves, lying behind the second and third sternocostal cartilages. The pulmonary valve marks the 

superior margin of the RV while the tricuspid valve marks its right margin
138

.  

The RV apex is frequently inferior to that of the left.  Viewed from the diaphragmatic aspect of the 

heart, the right and left ventricles can be seen to lie side by side. The term ‗‗crux‘‘ of the heart (crus 
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cordis) refers to the intersection between the planes of the atrial and ventricular septa upon the 

inferior atrioventricular junction. However, close examination will show the crux is not a perfect 

cross since the right atrioventricular junction is inferior to that of the left. The most inferior sections 

will traverse the coronary sinus running alongside the inferior wall of the LA. The ventricles extend 

from the atrioventricular junction leftward to the apex and cephalic to the ventriculo-arterial 

junction.   

The RV cavity can be described in terms of three component parts: inlet, apical trabecular, and 

outlet 
139

. The inlet portion of the RV extends between the atrioventricular junction as marked by 

the hingeline of the tricuspid valve to the insertions of the papillary muscles to the ventricular walls. 

In other words, it is the portion containing the tricuspid valve which is made of three leaflets, 

sometimes the divisions between leaflets are not clear or some leaflets have scallops
140

. 

Nevertheless, one of the three leaflets is distinctive of the tricuspid valve. The septal leaflet has 

multiple tendinous cords attaching it directly to the ventricular septum. This feature, together with 

its hingeline being closer to the ventricular apex than that of the mitral valve, the septal leaflet 

allows designating the ventricle as having right morphology. 

At its anterosuperior part, the hingeline bisects the membranous septum dividing it into 

atrioventricular and interventricular portions. Not infrequently, there is a gap in the leaflet at the site 

of the membranous septum. A small papillary muscle, the medial papillary muscle supports the 

‗‗commissure‘‘ between the septal and antero-superior leaflets. The latter leaflet is large and deeper 

than the septal leaflet. It is supported in its mid portion by a large papillary muscle that usually 

arises from the moderator band close to its insertion to the parietal wall. The third leaflet, the 

inferior leaflet (also known as the mural or posterior leaflet) is supported by several small papillary 

muscles which arises from the diaphragmatic wall of the RV. The variability in number and 

arrangement of papillary muscles also distinguishes the tricuspid valve from the mitral valve which 

has a more regular arrangement of two groups of papillary muscles supporting it. 
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The pulmonary valve is separated from the tricuspid valve by a muscular fold, the ventriculo-

infundibular fold. The fold forms the supraventricular crest at its septal margin where it inserts 

between the anterior and posterior limbs of the septomarginal trabeculation.  From its septal margin, 

the fold continues superiorly into the subpulmonary infundibulum of the RV outlet. The 

anterosuperior wall of the RV completes the muscular tube known as the subpulmonary 

infundibulum that leads to the pulmonary valve. It is possible surgically to detach the infundibulum 

so as to harvest the entirety of the pulmonary valve for use as an autograft in the Ross procedure 

without incursion into the LV
141

. Thus, the infundibulum lifts the pulmonary valve clear of the 

ventricular septum. The semilunar hingelines of the pulmonary valve cross the anatomic junction 

between ventricular muscle and the fibro-elastic wall of the pulmonary trunk. In this arrangement, 

small segments of infundibular muscle are enclosed within the three pulmonary sinuses. The apices 

of the hingelines attach to the sinutubular junction that demarcates the juncture between the sinuses 

and the tubular portion. The subpulmonary infundibulum is usually free of muscular trabeculations. 

Proximally, however, a clear cut demarcation between outlet and apical portions is absent since 

trabeculations running from the septum to the parietal wall are frequently found. 

 

Owing to the normal curvature of the ventricular septum, the RV is described as wrapping around 

the LV. However, the configuration of the LV inlet and outlet portions does not allow the 

corresponding portions of the RV to be superimposed upon each other. The overlap between LV 

inlets and outlets puts the aortic outflow tract immediately behind the septum that separates it from 

the RV inlet, reflecting the ‗‗wedged‘‘ position of the aortic root. On the septal aspect of the RV is a 

characteristic muscle band termed the septomarginal trabeculation. 

 

 

Musculature of the right ventricular wall  
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The RV myocardium is a complex three dimensional network myocytes in a matrix of fibrous 

tissue. The musculature shows a helical configuration changing from epi- to endocardium although 

it is not as clear as that of the LV because the wall of the RV is not as thick. The junction between 

RV and the pulmonary artery is recognized on the anterior wall of the RV where the fibers wrap 

around this connection
142

 (figure 12).  

 

 

 

Figure 12. Results of fiber tracking visualized for the right ventricle (RV) and the left ventricle (LV). A, 

Anterior view of the heart. The change of helical orientation is clear for the LV going from a clockwise 

rotation (our convention) on the epicardium (red color) to a counterclockwise rotation on the endocardium. 

The RV also shows the same structure although not as clearly as the LV. The junction between the 

pulmonary artery and the RV is seen as a circular “hole” in the RV. B, Posterior view of the heart. The fiber 

links between RV and LV is clear for the epicardium. Artifacts due to noise are seen in the apex. 

 

Continuity between fibers in the RV and LV is noticed in the posterior region. The fibers in the 

posterior wall of the RV pass smoothly to the epicardial posterior region of the LV and continue 

through the wall to the lateral region. There is no apparent connection between the fibers in the 

septal wall of the LV and RV (figure 13). Each myocyte is long and thin and joined to its neighbour 

at the ends as well as at its side branches. There is then a predominant longitudinal orientation of 

the myocytes forming the myofibres. The architecture or gross arrangement of these myofibres have 
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been studied over more than 300 years with somewhat different interpretations among investigators 

primarily owing to technical difficulties in ‗‗tracing‘‘ each myofibre network in three dimensions 

without disturbing adjoining fibres
143

. 

 

 

Figure 13. A, A view from the base. The blue square region delineates the junction between the LV and the 

RV. This region was used to seed and generate fibers which are visualized in three views indicated by the eye 

symbols. B, The junction seen from the interior of the LV. The fibers of the endocardial LV pass smoothly to 

the posterior region of the septum. C, Fiber tracks in the cut section viewed from the posterior region of the 

ventricles. The endocardial fibers coming from the RV are connected to fibers in the LV. D, Fiber tracks in 

the cut section viewed from the interior of the RV. No obvious link between septum and endocardial fibers of 

the RV is seen. 

 

 Since these contractile bundles change the shape of the heart and generate the force of the pumping 

chambers during systole, a summary of the arrangement of myofibres in the RV can help the 

understanding its function. The superficial or subepicardial myofibres are arranged more or less 



37 

 

circumferentially in a direction that is parallel to the atrioventricular groove and encircle the 

subpulmonary infundibulum. On the sternocostal aspect, the superficial fibres turn obliquely toward 

the cardiac apex to cross the interventricular groove and continue into the superficial myofibres of 

the LV. On the diaphragmatic aspect, superficial RV fibres turn a slight angle toward the base to 

join LV myofibres. At the RV apex, superficial myofibres invaginate in spiral fashion to form the 

deep or subendocardial myofibres that line the cavity. The deep myofibres are longitudinally 

aligned, apex to base. In the normal heart, the muscular wall of the RV not including trabeculations 

is 3–5 mm thick
144

. In this relatively thin wall circumferential and longitudinal orientations 

predominate. In contrast, the thicker LV wall contains obliquely arranged myofibres, superficially 

and longitudinal myofibres in the subendocardium, but these sandwich predominantly circular 

myofibres in between.  

 

Right ventricular longitudinal strain 

STE has been applied to the RV. Calculation of RV global strain was obtained by manually tracing 

the endocardial border in the 4-chamber view, thus delineating a ROI composed of 6 segments, 

three for the lateral wall: basal, mid-cavity and apical. After segmental tracking, quality analysis 

and the eventual manual adjustment of the ROI, the RV longitudinal strain curves are generated by 

the software and the average value of LS is calculated [Global LS (figure 14) and free wall LS 

(figure 15)]. In patients with suboptimal image quality the software calculated the average RVLS 

from the acquired segmental measurements only. 
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Figure 14. Measurement of RV global longitudinal strain (LS). The dashed curve represents the average LS 

of all RV segments along the cardiac cycle. AVC, aortic valve closure. 

 

 

Figure 15. Measurement of RV free wall longitudinal strain (LS). The dashed curve represents the average 

LS of only free wall RV segments along the cardiac cycle. AVC, aortic valve closure.  
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Aims: 

The general purpose of this thesis is to establish the ability of STE in assessing LA response to 

pressure and volume overload respectively in AS and MR, and to evaluate its accuracy in predicting 

LA and RV fibrosis in patients with end-stage HF undergoing HTx. 

 

Study I: To evaluate changes in LV systolic longitudinal function, 3 months after MVR in patients 

with chronic degenerative MR and normal preoperative EF. 

 

Study II: To assess the effect of removal of LV outflow tract obstruction (AVR for valve stenosis) 

on LA size and function recovery. 

 

Study III: To determine the value of RV longitudinal strain (RVLS) in predicting the extent of RV 

myocardial fibrosis in patients with end stage HF requiring HTx. 

 

Study IV: To assess the relationship between mitral regurgitation severity, symptoms and LA 

structure and function, before and after valve repair. 

 

Study V: To determine the value of PALS in predicting the extent of LA fibrosis in patients with 

end-stage HF undergoing HTx. 

 

Materials and methods:  
 
Study populations 
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All studies complied with the declaration of Helsinki and had been approved by the local ethics 

committee. All echocardiographic examinations were performed according to the recommendations 

of the ASE and EAE. All echocardiographic examinations were performed using high quality 

commercially available echocardiographs (Vivid 7, GE Medical Systems, Horten, Norway) 

equipped with a 2.5-MHz probe. 

 

Study I 

A total of 31 patients, undergoing MVR for moderate-to-severe MR at our Hospital between 

December 2006, and September 2009, were enrolled in this study. Exclusion criteria were: AF, 

flutter, or other major arrhythmias; high-degree atrioventricular block, reduced LV EF (< 50%); 

coronary artery disease (defined as at least one of the following: history of angina, acute coronary 

syndrome, or coronary revascularization; segmental wall motion abnormalities; or positive 

Dobutamine stress-echo); ischemic MR; previous MVR; co-existing valve disease; hypertrophic 

cardiomyopathy. Twenty-two patients had mitral valve prolapse and 9 had a myxomatous mitral 

valve. Interventions included repair with posterior leaflet resection and flexible ring insertion in 22 

cases, Alfieri central stitch and insertion of a flexible ring in 4, Alfieri central stitch in 2, and 

isolated insertion of a flexible ring in 3. The postoperative course was unremarkable in all patients. 

 

Study II 

We studied 43 consecutive patients (age 71.5 ± 9.7 years, 16 females) with severe isolated AS, 

based on a mean aortic gradient > 50 mmHg and/or aortic valve area < 1.0 cm
2
, referred to Le 

Scotte Hospital, University of Siena, for conventional surgical AVR. Exclusion criteria were: AF, 

flutter, or other major arrhythmias; high-degree atrioventricular block, reduced LVEF (< 50%); 

coronary artery disease in the form of, angina, acute coronary syndrome, coronary 
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revascularization, segmental wall motion abnormalities, >50% narrowing in one of the epicardial 

coronary arteries on the pre-operative angiogram, previous cardiac surgery; coexisting valve disease 

or signs of pulmonary hypertension (defined as right ventricular-right atrial peak pressure drop > 40 

mmHg). Echocardiographic studies were performed the day before AVR then 40 days and 3 months 

postoperatively. Pre-operative data were compared with those from 34 normal controls (mean age 

65.9±11.6 years, 37% females), none of whom had a cardiac condition or history of any systemic 

disease, e.g. hypertension or diabetes. 

 

Study III 

We enrolled 27 patients with end-stage HF (LV EF < 25 %; New York Heart Association [NYHA] 

functional class III to IV despite full medical therapy and cardiac resynchronization therapy [CRT]), 

referred to Le Scotte Hospital of Siena for a simultaneous right heart catheterization and 

echocardiographic evaluation before HTx. Tissue samples of the RV free wall were obtained from 

explanted hearts. Patients were excluded if they were not in sinus rhythm, on mechanical 

ventilation, had severe mitral/tricuspid regurgitation, other valve disease, or suboptimal 

echocardiographic image quality. Patients‘ echocardiographic results were compared with those 

from 25 controls, none of whom had a cardiac condition or history of any systemic disease. Patients 

and controls gave written informed consent before participating in the study. 

 

Study IV 

We studied 37 patients (age 68 ± 9.5 years, 32 % females), undergoing isolated MVR for severe 

MR between May 2013 and June 2014. Severe MR was diagnosed based on large flow convergence 

zone, broad vena contracta (> 7 mm) and an effective regurgitant orifice area (EROA) > 40 mm
2
. 

Exclusion criteria were: AF, flutter, or other major arrhythmias; high-degree atrioventricular block, 

reduced LV EF (< 55%); coronary artery disease (defined as at least one of the following: angina, 
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acute coronary syndrome, coronary revascularization, segmental wall motion abnormalities, >50% 

narrowing in one of the epicardial coronary arteries on the pre-operative angiogram, previous 

cardiac surgery); co-existing valve disease or hypertrophic cardiomyopathy. The underlying 

pathology was mitral valve prolapse in 21 patients and the remaining 16 had flail leaflet disease. All 

patients underwent a detailed echocardiographic examination the day before MVR and again 3 

months post-operatively. Echocardiographic results were compared with those from 30 normal 

controls (mean age 65.6 ± 8.7 years, 38% females), none of whom had a cardiac condition or 

history of any systemic disease, e.g. hypertension or diabetes.  

 

Study V  

We enrolled 48 patients (age 51.2 ± 8.1 years, 29 % females) with end-stage HF (LV EF ≤ 25 %; 

NYHA class III-IV despite full medical therapy and CRT), referred to Le Scotte Hospital of Siena 

for a simultaneous right heart catheterization and echocardiographic evaluation before HTx
145,146

. 

Tissue samples of the LA free wall were obtained from the explanted hearts. Patients were excluded 

if they were not in sinus rhythm, on mechanical ventilation, had severe mitral/tricuspid 

regurgitation, other valve disease, or suboptimal echocardiographic image quality. Patients‘ 

echocardiographic results were compared with those from 45 controls, none of whom had a cardiac 

condition or history of any systemic disease.  

 

Methods  

Study I 

General measurements. 
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Studies were performed preoperatively and 3 months after surgery. A one lead electrocardiogram 

was recorded continuously. M-mode LV measurements were obtained from the parasternal long-

axis view. Fractional shortening (FS) was calculated as the relative change in LV diameter between 

end-diastole and end-systole. To better explore circumferential systolic performance, midwall 

fractional shortening (mFS) was calculated from LV measurements, as previously described. EF 

was calculated from apical views by using the biplane modified Simpson's rule. LA volume was 

measured using the biplane method of disks. Pulsed wave Doppler was used to measure transmitral 

flow velocities from the apical 4-chamber view, by placing the sample volume between the leaflet 

tips in the center of the inflow jet. 

 

Assessment of longitudinal systolic function. 
 

Mitral annulus plane systolic excursion (MAPSE) was measured using the standard M-mode 

technique with the cursor placed at the lateral site of the annulus from the apical 4-chamber view, 

using the zoom function. Pulsed TD imaging was used to measure peak systolic (Sm), early 

diastolic (Em), and late diastolic (Am) annular velocities by placing a 5-mm sample volume at the 

lateral side of the annulus. Particular care was given to adjust filter and gain settings at the minimal 

level to obtain the maximal signal-to-noise ratio. LV length long-axis dimension at end-diastole was 

obtained by averaging the distances from the central point of the mitral annular plane to the apical 

subendocardium measured in the 4- and 2- chamber views. Two different indices of LV geometry 

were calculated at end-diastole: 1) the long-axis to short-axis ratio; and 2) the sphericity index, 

calculated by dividing LV volume to that of a sphere whose diameter was derived from the major 

end-diastolic long-axis. 

 

Study II 

General measurements. 
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LV ESD and LV EDD were measured from the left parasternal cross-sectional recording of the 

minor axis. Likewise IVST and PWT were measured at end-diastole from the same M-mode 

recording. LV EF was calculated from the apical views using the biplane modified Simpson 

method. LV LVM (in grams) was calculated according to the Penn formula. LVM was subsequently 

indexed to BSA. Aortic valve area (AVA) was calculated using the standard continuity equation 

with the velocity–time integral ratio of the pulsed wave Doppler of the LV outflow tract velocities 

and continuous wave Doppler velocities across the aortic valve. Peak flow velocity across the valve 

was determined from the apical view where the highest peak velocity could be obtained by placing 

the continuous-wave Doppler cursor as parallel as possible to the flow across the aortic valve. Peak 

and mean aortic gradients were calculated using the simplified Bernoulli equation. Trans-aortic 

mean gradient change was defined as the percentage change of pressure drop from preoperative and 

40 days follow-up. 

 

Longitudial LV function 

 

MAPSE was measured using the standard M-mode technique with the cursor placed at the lateral 

angle of the annulus from the apical 4-chamber view, using the zoom function. TDI was used to 

measure peak systolic (S′), early diastolic (E′), and late diastolic (A′) annular velocities by placing a 

5-mm sample volume at the basal part of the lateral LV wall. Particular care was given to adjust 

filter and gain settings at the minimal level in order to obtain the maximum signal-to-noise ratio. 

LV long-axis length at end-diastole was obtained by averaging the distances from the central point 

of the mitral annular plane to the apical subendocardium measured in the 4- and 2-chamber views . 

 

 

LV longitudinal myocardial function 

 
 

LV myocardial function was studied using longitudinal STE analysis performed from the apical 

long axis, 4- and 2-chamber views, using a frame rate of 60–80 frames/s. Peak LV longitudinal 
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strain was defined as the peak negative value on the strain curve during the entire cardiac cycle. LV 

cavity was traced manually from the innermost endocardial edge at end-systole, and the software 

automatically defined the longitudinal strain throughout the cardiac cycle. Longitudinal strain was 

analyzed in the apical long axis view where the closure of the aortic valve is defined. The time 

interval between the R wave and aortic valve closure was measured and used as a time reference. 

The automated algorithm provided the longitudinal peak systolic strain (LPSS) value for each LV 

segment from a 17-segment model polar plot, with the average value of LPSS for each apical view. 

 

 

LV diastolic function 

 

Pulsed-wave Doppler velocities of LV filling were recorded from the apical 4-chamber view, by 

placing the sample volume at the level of the tips of the mitral valve leaflets and the center of the 

forward LV filling jet. Early (E) and late (A) diastolic LV filling velocities were recorded and E/A 

ratio calculated. E wave deceleration time was also measured as previously described. LV filling 

pattern was considered ‗restrictive‘ when E/A ratio was >2.0, E-wave deceleration time <140ms, 

and the left atrium dilated, >40mm in diameter. Raised E/E′ was also taken as a marker of raised 

filling pressures. 

 

 

LA structure and function 

 

LA area and volume were measured using the biplane method of disks (modified Simpson's rule), in 

the apical 4- and 2-chamber view at end-systole (maximum LA size), and a mean value of area and 

volume was obtained. LA mean area and volume were subsequently indexed to BSA. LA 

myocardial function was studied using STE performed from the apical 4- and 2-chamber views of 

the conventional 2D grey scale images during a brief breath hold and with a stable ECG recording. 

Care was taken to obtain true apical images using standard anatomical landmarks to avoid 

foreshortening the LA, therefore allowing a clear delineation of the atrial endocardial border. We 
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also avoided visualization of the LA appendage in the apical 2-chamber view in order to minimize 

its potential effect on LA strain measurements. Three consecutive heart cycles were recorded and 

averaged, using a frame rate of 60–80 frames/s. Analysis of the acquired data was made off-line 

using a single experienced and independent echocardiographer, not directly involved in the image 

acquisition or patient's management, using a commercially available semi-automated 2D strain 

software (EchoPac, GE, USA). As previously described, LA endocardial border was manually 

traced in both the 4 and 2 chamber views, thus delineating a ROI, consisting of 6 segments. After 

the segmental tracking quality analysis and manual adjustment of the ROI, the longitudinal strain 

curves were generated by the software for each atrial segment. PALS, measured at the end of the 

reservoir phase, was calculated by averaging values observed in all LA segments (global PALS), 

and by separately averaging values observed in the 4- and 2-chamber views. Likewise, PACS, 

obtained during LA systole, was measured as the average of all 12 segments (global PACS) and by 

separately averaging values from the two apical views (4- and 2-chamber PACS). Inadequately 

tracked segments were automatically excluded from the analysis and the strain values represented 

the remaining segments. 

 

Study III 

Standard echocardiography 

LV EF was calculated from the apical views using the biplane modified Simpson method and LV 

mass using the Penn formula and was  indexed to body surface area (BSA). 

 

LV diastolic function 

Pulsed-wave Doppler velocities of LV filling were recorded from the apical 4-chamber view, by 

placing the sample volume by the tips of the mitral leaflets. Early (E) and late (A) diastolic LV 

filling velocities were recorded and E/A ratio was calculated and used as standard index of LV 
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diastolic function. LV filling pattern was considered ‗restrictive‘ when E/A ratio was >2.0, E-wave 

deceleration time < 140 ms, and the left atrium dilated, > 40 mm in diameter. Raised E/e‘ was also 

taken as a marker of raised filling pressures. The same method was used to obtain RV filling 

velocities and measurements. 

 

RV measurements 

RV volume was measured from the 4-chamber view at end-diastole. The mid-cavity diameter was 

measured in the middle third at the level of the LV papillary muscles. 

 

RV longitudinal function 

RV longitudinal function was studied using the pulsed TDI technique with the sample volume at the 

level of tricuspid lateral annulus from the apical 4-chamber view. Peak systolic (s‘), early diastolic 

(e‘), and late diastolic (a‘) tricuspid annular velocities were obtained. S‘ was considered as 

relatively load-independent index of RV longitudinal systolic function and e‘ and e‘/a‘ ratio, as 

load-independent markers of diastolic relaxation. TAPSE was measured with the cursor placed at 

the lateral angle of the annulus from the apical 4-chamber view.  

 

LV and RV longitudinal myocardial intrinsic function 

LV and RV myocardial function was studied using STE of the apical long axis, obtained from the 

apical 4 and 2-chamber views, during a quiet breath hold, with a frame rate of 60-80 per second. 

Three consecutive heart cycles were recorded and averaged. The off-line analysis was performed 

using a commercially available semi-automated 2D strain software (EchoPac, GE, USA). Peak LV 

longitudinal strain was performed with the same software and methods described in the study II. 

Calculation of RV free wall longitudinal strain was obtained with the same method delineating a 

ROI composed of  three segments of the lateral wall: basal, mid-cavity and apical. After segmental 
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tracking, the RV longitudinal strain curves were generated by the software and the average value of 

LS was calculated (RV free wall LS).  

 

RV systolic function 

RV sphericity index (SI), was calculated at end –diastole by dividing short axis by long-axis 

diameters. 

 

Right atrial (RA) structure and function:  

RA area and volume were measured using the biplane method of disks, in the apical 4-chamber 

view at end-systole and were indexed to BSA. RA myocardial function was studied from the apical 

4 chamber view using the same methods applied for the RV and same frame rate. RA endocardial 

border was manually traced thus delineating a ROI, composed of six segments. RA peak atrial 

longitudinal strain (RALS), measured at the end of the reservoir phase, was calculated by averaging 

values obtained from all segments (global RALS),  

 

Right heart catheterization 

The hemodynamic measurements were performed, before the HTx. The pressure transducers were 

balanced before data acquisition with the zero level at mid-axillary line. Pulmonary artery (PA) 

catheters were used to measure PA pressure (PAP), central venous pressure (CVP) and RV stroke 

volume (RVSV), derived by the thermodilution technique (average of 5 cardiac cycles with < 10% 

variation) and by the Fick equation, through the sampling of a mixed central venous blood gas taken 

from the pulmonary artery and an arterial blood gas. RV stroke volume index (RVSVI) was 

calculated by dividing the RVSV by BSA. RV stroke work index (RVSWI) was derived as:  

RVSWI = RVSVI x (PAPm - RAPm) 

Where PAPm is mean PAP and RAPm is mean right atrial pressure 
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A RVSWI value of 0.25 mmHg/L∙m
2
 detected impaired RV function

147
.
 

 

NT-pro-BNP measurement 

NT-proBNP was assessed at the time of the right heart catheterization, from a peripheral venous 

blood sample collected in heparin-containing tubes and measured using an 

electrochemiluminescence immunoassay and the analytic range of the NT-proBNP assay spanned 

from 5 to 35000 pg/ml. 

 

Cardiopulmonary exercise (CPX) test 

Before HTx, all patients underwent a maximum cardiopulmonary exercise (CPX) testing in a lower-

limb cycle ergometer (Inbrasport CG-04, Inbrasport, Brazil), using a graded exercise test with an 

incremental protocol of 25 watts every minute until exhaustion or symptom development 

(ATS/ACCP statement). Oxygen saturation was monitored with pulse oximeter and 12-lead 

electrocardiogram monitoring was recorded throughout the test. Blood pressure was taken before 

and at peak exercise. Furthermore, using arterial and venous blood gas analysis we obtained oxygen 

concentrations at rest and at peak exercise. During the CPX, the exhaled gases were collected by a 

pneumotachograph attached to a mouthpiece, with concomitant nasal occlusion, and was quantified 

by a metabolic analyzer (MedGraphics, USA). Gas analysis measurements; oxygen consumption 

(VO2), carbon dioxide production (VCO2), tidal volume (TV), respiratory rate (RR) and minute 

ventilation (VE) were all made. Maximal VO2 (VO2 max) was defined by the Fick equation as the 

product of cardiac output and arterio-venous oxygen difference [C(a-v)O2] at peak exercise: 

VO2 max=(HR x SV)x[C(a-v)O2], 

where HR is heart rate and SV is stroke volume. VO2 max was measured every minute of exercise, 

as average of 6 readings and was presented as liter/minute.  
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Histopathological analysis   

Samples of the RV free wall were taken after removing the heart. For each patient, 3 full-thickness 

slices of the RV (basal, mid-cavity and apical) were taken and the extent of myocardial fibrosis was 

calculated as the average of the 3 slices. This analysis was performed to better compare the extent 

of myocardial fibrosis with RV whole free wall LS strain. Tissue samples were subsequently 

prepared for histopathological examination. The average sample dimension was 1 x 0.5 cm which 

was subsequently fixed in 10% buffered formalin, embedded in paraffin and cut into slices of 4 μm 

thick for hematoxylin-eosin and Masson's trichrome staining. For Masson's staining slices were de-

waxed with xylol (2 steps 2 minutes each and soaked into a series of a gradient concentrations from 

99 to 95% of alcohol). All slices were washed in distilled water and put in a solution of hematoxylin 

for 3 minutes. Subsequently, color change was carried out with lithium carbonate (0,1%) to steer the 

hematoxylin staining. Slices were washed in pure water and colored with red panceau staining 

(oven at 30 °C 20 seconds at 45 KW) then put in acid water and phosphomolybdic acid (1 minute). 

The last stage included the addition of green-light and washing with acid water. The ratio of the 

fibrosis area to the total sample area of each section was used to assess the degree of RV fibrosis 

(%) as (fibrosis area-total area)×100.  

 

Study IV 

Echocardiographic examination 

LV EF was calculated from the apical views using the biplane modified Simpson method  and LVM 

using the Penn formula and was indexed to BSA. 

 

LV myocardial intrinsic function:  
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LV myocardial function was studied using STE of the long axis, obtained from the apical 4 and 2-

chamber views, during a quiet breath hold, with a frame rate of 60-80 per second. Three 

consecutive heart cycles were recorded and averaged. The off-line analysis was performed using a 

commercially available semi-automated 2D strain software (EchoPac, GE, USA). Peak LV 

longitudinal strain was performed with the same software and methods described in the study II. 

Clockwise rotation viewed from the apex was expressed as a negative angle and counter-clockwise 

rotation as a positive angle. LV twist was calculated as the instantaneous net difference in mean 

rotation between the apical and basal levels. Peak LV twist angle was defined as the maximum 

systolic value reached by the LV twist curve. LV untwist rate was calculated as the early diastolic 

peak time derivative of the time–twist angle curve. Calculation of circumferential strain (CS) was 

obtained using the same method described above with the software delineating a ROI from the 

parasternal short-axis views at the basal and apical levels. Global circumferential strain (GCS) was 

obtained as the average value of all myocardial segments in the short-axis views at the basal and 

apical levels. 

 

LA structure and function 

LA area and volume were measured using the biplane method of disks (modified Simpson's rule), in 

the apical 4- and 2-chamber view at end-systole (maximum LA size), and a mean value of area and 

volume was calculated. LA mean area and volume were subsequently indexed to BSA. LA 

myocardial function was studied using STE with the same software and methods described in Study 

II. 

 

Study V 

Standard echocardiography.  
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LV EF was calculated from the apical views using the biplane modified Simpson method and LV 

mass using the Penn formula and was indexed to BSA. 

 

LV diastolic function. 

Pulsed-wave Doppler velocities of LV filling were recorded from the apical 4-chamber view, by 

placing the sample volume by the tips of the mitral leaflets. Early (E) and late (A) diastolic LV 

filling velocities were registered and E/A ratio was calculated and used as standard index of LV 

diastolic function. LV filling pattern was graded according to the dysfunction severity into: 

abnormal relaxation (grade 1 diastolic dysfunction) when E/A ratio was < 1 and E-wave 

deceleration time > 220 ms, pseudonormal (grade 2 diastolic dysfunction) when E/A ratio was 1-2 

and E-wave deceleration time 140-200 ms, and restrictive (grade 3 diastolic dysfunction) when E/A 

ratio was >2.0, E-wave deceleration time < 140 ms, and the left atrium dilated of > 40 mm in 

diameter. Raised E/e‘ was also taken as a marker of raised filling pressures. 

 

LV longitudinal myocardial intrinsic function 

 LV myocardial function was studied using STE of the long axis, obtained from the apical 4 and 2-

chamber views, during a quiet breath hold, with a frame rate of 60-80 per second. Three 

consecutive heart cycles were recorded and averaged. The off-line analysis was performed using a 

commercially available semi-automated 2D strain software (EchoPac, GE, USA). Peak LV 

longitudinal strain was performed with the same software and methods described in Study II. 

 

LA structure and function 

LA area and volume were measured using the biplane method of disks (modified Simpson's rule), in 

the apical 4- and 2-chamber view at end-systole (maximum LA size), and a mean value of area and 

volume was obtained. LA mean area and volume were subsequently indexed to BSA. LA 
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myocardial function was studied using STE with the same software and methods described in Study 

II. 

 

Histopathological analysis   

Samples of the LA were taken after removing the heart. For each patient, 3 full-thickness slices of 

the LA (lateral wall, posterior wall and interatrial septum) measuring about 1x1 cm, were taken and 

the extent of myocardial fibrosis was calculated as the average of the 3 slices. This analysis was 

performed with the same methods described in the study III. 

 

Right heart catheterization  

The hemodynamic measurements were performed, before the HTx, with the same methods 

described in Study III. 

 

LA Stiffness estimation 

In patients, PAoP was used in conjunction with global PALS to derive an invasive estimation 

parameters of LA stiffness, as previously validated, calculated by the formula: PAoP/LA global 

PALS. 

 

Cardiopulmonary exercise (CPX) test 

Before heart transplantation, all patients underwent a maximum CPX testing in a lower-limb cycle 

ergometer (Inbrasport CG-04, Inbrasport, Brazil), using with the same methods described in the 

study III. 

NT-pro-BNP measurement. 

The NT-pro-BNP measurements were performed, before the HTx, with the same methods described 

in Study III. 
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Statistics 

Analyses were performed using the SPSS (Statistical Package for the Social Sciences, Chicago, 

Illinois) software Release 11.5 for Study I and III, Release 12.0 for Study II and V, and release 13 

for Study II. 

 

Study I 

All statistics were performed using the standard statistical software package (SPSS 11.0, SPSS 

Inc.). Categorical variables were expressed as number (n) or percentage (%) and comparisons were 

made using χ2 test. Normally distributed continuous data were expressed as mean ± standard 

deviation (SD). A p value of 0.05 was considered statistically significant. Pre- and post MVR 

measurements within the patient group were compared using analysis of variance and when 

significant each two events were compared using the paired t-test. Among baseline and relative 

variations of echocardiographic parameters, stepwise multivariate regression was used to identify 

independent predictors of relative post-operative changes in Sm, mFS and MAPSE. 

 

 

Study II 

All statistics were performed using the standard statistical software package (SPSS 13, SPSS Inc.). 

Categorical variables were expressed as number (n) or percentage (%) and comparisons were made 

using χ2 test. Normally distributed continuous data were expressed as mean ± SD. Pre- and post 

AVR measurements within the patient group were compared using analysis of variance and when 

significant each two events were compared using the paired t-test. Among clinical, baseline and 

relative variations of echocardiographic parameters, the independent determinants of improvement 
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of global PALS function 3 months after AVR were explored using stepwise multivariate regression. 

A p value of 0.05 was considered statistically significant. 

 

Study III 

Data are shown as mean ± SD. A P value <0.05 was considered statistically significant. Analyses 

were performed using the SPSS (Statistical Package for the Social Sciences, Chicago, Illinois) 

software Release 11.5. Pearson‘s correlation coefficients were calculated to assess the relationship 

between continuous variables. The sensitivity and specificity were calculated using standard 

definition, receiver operating characteristic curves were constructed, and area under the curve was 

calculated for the prediction of severe RV myocardial fibrosis. Multiple regression analysis was 

performed to explore the independent determinants of RV fibrosis.   

 

Study IV 

All statistics were performed using the standard statistical software package (SPSS 13, SPSS Inc.). 

Categorical variables were expressed as number (n) or percentage (%) and comparisons were made 

using χ
2
 test. Normally distributed continuous data were expressed as mean ± standard deviation 

(SD). Patients‘ pre- and post-MVR measurements were compared using analysis of variance and 

when significant each two events were compared using the paired t-test. Among clinical, baseline 

and relative variations of echocardiographic parameters, the independent determinants of 

improvement of global PALS function and fall of LA volume 3 months after MVR were explored 

using stepwise multivariate regression. 

 

Study V 
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Data is shown as mean ± SD. A P value <0.05 was considered statistically significant. Pearson‘s 

correlation coefficients were calculated to assess the relationships between continuous variables.  

Sensitivity and specificity were calculated using standard definitions.  Analyses were performed 

using the SPSS (Statistical Package for the Social Sciences, Chicago, Illinois) software Release 

12.0. Receiver operating characteristic curves (ROC) were constructed and the area under the curve 

(AUC) was calculated for the prediction of LA fibrosis >50%. 
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Main findings and results 

Study I 

General patients characteristics 

Table 1 shows Comparison of variables between preoperative and postoperative examinations. 

Echocardiographic studies were performed 5 ± 1 days preoperatively and 90 ± 5 days 

postoperatively. As expected, LV diameters, wall thicknesses, volumes, and LA size were all 

reduced after surgery. An increase in LV long-axis to short-axis ratio and a reduction in LV 

sphericity index were observed. Despite a significant reduction in both EF and mFS, an increase in 

Sm and MAPSE was noted. The E/A ratio and Em decreased, whereas the E/Em ratio increased at 

the three-month follow-up. The changes in the longitudinal indices were still evident after the 

adjustment for hemodynamic variables. In a multivariate model aimed at identifying predictors of 

improvement in LV longitudinal systolic function, baseline Em was found to be the only predictor 

of relative changes in Sm (β = − 0.349, p = 0.021), whereas baseline Em (β = − 0.468, p = 0.0042) 

and LV end-systolic volume (β = − 0.396, p = 0.014) independently predicted changes in mFS. 

Baseline E/Em ratio emerged as the only predictor of changes in MAPSE (β =  − 0.345, p = 0.024). 
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Table 1. Comparison of variables between preoperative and postoperative time 

 

 
Baseline 

Three-month 

follow-up 

P value 

Heart rate 71 ± 12 77 ± 14 0.068 

End-diastolic LV diameter, mm 55.8 ± 5.9 48.7 ± 4.6 <0.0001 

End-systolic LV diameter, mm 39.0 ± 4.1 35.3 ± 4.6 <0.0001 

Ventricular septum thickness, mm 11.6 ± 1.3 11.0 ± 1.1 0.0004 

Posterior wall thickness, mm 11.2 ± 1.17 10.7 ± 1.04 0.0002 

End-diastolic LV volume, ml 129.5 ± 32.4 100.8 ± 24.5 <0.0001 

Indexed end-diastolic LV volume, 

ml/m
2
 

71.8 ± 16.2 56.0 ± 12.4 <0.0001 

End-systolic LV volume, ml 54.9 ± 15.9 47.6 ± 12.6 <0.0001 

Indexed end-systolic LV volume,  ml/m
2
 30.5 ± 8.2 26.3 ± 6.5 0.0086 

Endocardial fractional shortening, % 29.7 ± 8.1 27.6 ± 6.9 0.09 

Midwall fractional shortening, % 14.4 ± 3.8 12.8 ± 2.8 0.0019 

Ejection fraction, % 59.9 ± 4.7 51.3 ± 5.9 <0.0001 

Left atrial volume, ml
 96.9 ± 34.8 70.9 ± 30.3 <0.0001 

Indexed left atrial volume, ml/m
2 53.6 ± 18.0 39.5 ± 17.1 <0.0001 

LV length, mm 75.5 ± 8.1 75.9 ± 8.3 0.39 

LV long-axis to short-axis ratio 1.36 ± 0.14 1.57 ± 0.18 <0.0001 

LV sphericity index 0.31 ± 0.08 0.24 ± 0.07 <0.0001 

LV filling variables    

E, m/s 1.04 ± 0.29 1.12 ± 0.43 0.41 

A, m/s 0.86 ± 0.30 1.40 ± 0.40 <0.0001 

E/A 1.37 ± 0.61 0.85 ± 0.42 <0.0001 

Longitudinal function     

Sm, cm/s 7.8 ± 1.4 9.6 ± 2.2 <0.0001 

Em, cm/s 10.3 ± 1.4 8.8 ± 1.9 0.0078 

Am, cm/s 11.1 ± 2.8    9.7 ± 3.2 0.058 

Em/Am 1.0 ± 0.4 1.0 ± 0.4 0.84 

E/Em 10.7 ± 3.7 14 ± 7.2 0.014 

MAPSE, cm 1.33 ± 0.26 1.55 ± 0.25 0.0013 
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Comparison of variables between baseline and the three-month follow-up after surgery. LV = left 

ventricular; E = early diastolic peak flow velocity; A = late diastolic peak flow velocity; Sm = peak 

systolic mitral annulus velocity; Em = peak early diastolic mitral annulus velocity; Am = peak late 

diastolic mitral annulus velocity; MAPSE = mitral annulus plane systolic excursion. 

 

Study II 

Reproducibility 

Among a total of 1548 LA segments, the software was able to track 1481 (95.7 %) segments. To 

assess the reproducibility of global PALS, 15 patients were randomly selected: Bland–Altman 

analysis was performed to evaluate the intra- and interobserver agreement, repeating the 

measurement of the data stored, by the same observer and a second independent observer. Bland–

Altman analysis demonstrated good intra- and interobserver agreement, with small bias not 

significantly different from zero. Mean differences ± 2 SD were 0.6 ± 2.4 % and 0.7 ± 3.7 % for 

intra- and interobserver agreement, respectively. Intra and interobserver coefficient of variation of 

global PALS were 3.1 %, and 3.3 %, respectively. 

 

Results 

Before AVR, 34 patients (80 %) were in NYHA class II and 9 patients (20 %) in class III (Table 2). 

Preoperative AVA was 0.82 ± 0.16 cm
2
. All patients received a standard post-operative care. No 

patient was on positive inotropes after surgery. Fifteen patients (35%) developed early post-

operative AF 2.4±1.3 days after AVR, 13 (86 %) converted spontaneously to sinus rhythm within 

24 h and the remaining 2 (14%) needed DC cardioversion within 24 h of developing AF because of 

poor rate control, in accordance with the recommendations of the European Society of Cardiology 

(ESC). These patients received regular post-operative echocardiographic evaluation 40 days and 3 
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months after AVR. Compared to patients who maintained sinus rhythm during the study, those who 

developed AF presented significant different indexed end-diastolic volume (EDV), indexed LVM, 

E/A, PALS, LA volume and indexed LA volume (Table 4). 

 

Patients before AVR vs. controls (Table 3) 

Compared with controls, patients showed no significant difference in age, blood pressure, weight or 

height. Patients had significant LV hypertrophy, as shown by septal and posterior wall thickness 

(p< 0.0001 for both) but normal EF. LV E was normal, but A was raised (p = 0.02), hence E/A was 

low (p = 0.001). E′ was low (p < 0.0001) resulting in raised E/E′ (p = 0.001), but no patient had 

typical restrictive filling pattern. LV lateral MAPSE was reduced as was its S′ (p = 0.007 and 

p=0.01, respectively). Indexed LA area and indexed LA volume were both increased (p = 0.001 and 

p <0.0001, respectively), and global PALS and PACS were both reduced (p < 0.0001 for both). 

 

Patients before vs. 40 days and 3 months after AVR (Table 5) 

After AVR, LV EF remained unchanged, but interventricular septal and posterior wall thickness 

progressively reduced, as did LV mass (p < 0.0001). LV longitudinal function and global strain 

increased, and E/E′ fell (p < 0.0001, p = 0.002 and p < 0.0001, respectively). Trans-aortic peak and 

mean pressure gradient dropped (p < 0.0001 for both) 40 days after surgery and trans-aortic mean 

gradient change was −76.8 ± 15.9 (p < 0.0001). LA global PALS and PACS increased 40 days after 

AVR (p = 0.002 and p = 0.02, respectively) and showed only a slight further increase at 3 months (p 

< 0.0001 for both) (figures 16 and 17).  Indexed LA area and LA volume significantly fell (p = 

0.003 and p < 0.0001) and showed only a slight further reduction after 3 months (p = 0.0002 and p 

< 0.0001 respectively) (figures. 16 and 18). 

 



61 

 

Predictors of improvement of LA function after AVR 

A stepwise multivariate regression analysis identified trans-aortic mean gradient change (β = −0.38, 

p < 0.0001), pre-operative E/A ratio (β = − 0.25, p < 0.0001) and its delta change after AVR (β = 

0.24, p < 0.0001) as independent predictors of the increase in global PALS 3 months after AVR. 

The model explained 66.7% of the change in global PALS (overall model p < 0.0001). Trans-aortic 

mean gradient change was the strongest predictor, accounting for 41.2 % of the total variability 

explained by the model (Table 6). 

 

Echocardiographic predictors of post-operative AF 

A stepwise multivariate regression analysis identified pre-operative indexed LVM (β = 0.29, p 

<0.0001), indexed LA volume (β = 0.32, p<0.0001) and global PALS (β = − 0.39, p < 0.0001) as 

independent predictors of postoperative AF. The model explained 58.9 % of the development of 

postoperative AF (overall model p < 0.0001). Global PALS was the strongest predictor, accounting 

for 43.4 % of the total variability explained by the model. 
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Table 2. Pre-operative clinical data. 

 

Variable Patients (mean ± SD) 

  

HR (beats/min) 69.19 ± 9.73 

NYHA class (1,2,3,4) (0,34,9,0) 

ECC (min) 132.68 ± 34.31 

OT (min) 108.36 ± 29.18 

Diabetes (%) 13.4 

Smoker (%) 18.4 

Hypertension (%) 72.9 

Stroke (%) 4.5 

Euroscore (%) 4.1 ± 2.5 

 

 
Data are presented as mean ± SD. HR, heart rate; NYHA, New York Heart Association, 

ECC, extra corporal circulation time; OT, occlusion cross-clamping time. 

 

 

 

 

 

 

 

 

 

 

Table 3. Comparison between controls and patients before AVR 
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Controls 

(n = 34) 

Patients 

(n =43) 

P-value 

Age 65.9 ± 11.6 71.5 ±  9.7 0.51 

Gender (% female) 37.0 38.46 0.87 

Height (cm) 171.8 ± 8.2 165.75 ± 7.46 0.31 

Weight (kg) 69.5±9.9 71.27±12.13 0.26 

Systolic blood pressure (mmHg) 121.2±11.1 137.44±12.8 0.34 

Diastolic blood pressure 

(mmHg) 

79.3±5.6 76.31±6.9 0.52 

 LA area (cm²) 17.3±4.0 23.52±4.23 0.001 

Indexed LA area (cm2/m2) 10.61±2.13 13.33±2.5 0.001 

LA volume (ml) 50.3±13.83 80.86±24.03 <0.0001 

Indexed LA volume (ml/m2) 30.68±7.55 45.84±14.16 <0.0001 

LV EDD(mm) 45.4±5.3 49.07±5 0.01 

LV ESD(mm) 28.3±4.9 31.32±5.14 0.001 

 IVST, mm 8.71±1.58 13.63±1.3 <0.0001 

 PWT, mm 8.18±1.48 12.78±1.2 <0.0001 

LV EF(%) 59.1±7.3 56.6±3.8 0.27 

LV mass (g) 149.8±26.4 265.54±48.29 <0.0001 

Indexed LV mass (g/m2) 83.7±26.4 149.72±28.88 <0.0001 

Global LV LS, %  -19.85±2.07 -15.76±3.63 0.002 

Global PALS (%) 40.4±6.5 19.69±4.17 <0.0001 

Global PACS (%) 16.3±3.7 11.52±3.65 <0.0001 

LV filling variables    

E, m/s 0.63±0.14 0.76±0.24 0.13 
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Data presented as mean ± SD. LA, left atrial; LV, left ventricular; EDD, end-diastole diameter; ESD, end-

systolic diameter; IVST, interventricular septum thicknesses; PWT, posterior wall thicknesses; LS, 

longitudinal strain; PALS, peak atrial longitudinal strain; PACS, peak atrial contraction strain; E, early 

diastolic peak flow velocity; A, late diastolic peak flow velocity; S′, peak systolic mitral annulus velocity; E′, 

peak early diastolic mitral annular velocity; A′, peak late diastolic mitral annulus velocity; MAPSE, mitral 

annular plane systolic excursion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A, m/s 0.75±0.19 1.08±0.31 0.02 

E/A  1.19±0.41 0.74±0.32 0.001 

Longitudinal function    

S
‘
 (m/s) 0.09±0.023 0.07±0.016 0.01 

E
‘
 (m/s) 0.12±0.046 0.07±0.020 <0.0001 

A
‘
 (m/s) 0.10±0.031 0.11±0.022 0.34 

E/E
‘
 6.17±1.87 12.37±5.18 0.001 

MAPSE 14.36±2.05 11.48±1.96 0.007 
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Table 4. Echocardiographic differences between patients who developed post-operative atrial 

fibrillation and those who maintained sinus rhythm. 

 

 

 

Data are presented as mean ± SD. AF, atrial fibrillation; LA, left atrial; LV, left ventricular; EDV, end-

diastole volume; ESV, end-systolic volume; PALS, peak atrial longitudinal strain; AVA, aortic valve area; E, 

early diastolic peak flow velocity; A, late diastolic peak flow velocity; S′, peak systolic mitral annulus 

velocity; E′, peak early diastolic mitral annular velocity; MAPSE, mitral annular plane systolic excursion. 

 

 

 

 

 

 

 

 

 

 

Table 5. Comparison of variables between pre-operative and two post-operative follow-up. 

Variables No AF 

(n = 28) 

AF 

(n = 15) 

p value 

Indexed LV mass (g/m²) 146.73 ± 22.48 150.94 ± 30.68 0.02 

Indexed LV EDV (ml/m²) 53.89 ± 12.9 58.41 ± 16.23 0.05 

Indexed LV ESV (ml/ m²) 23.42 ± 6.37 25.95 ± 6.67 0.35 

E (m/s) 0.79 ± 0.25 0.77 ± 0.24 0.56 

A (m/s) 1.09 ± 0.29 1.0 ± 0.32 0.61 

E/A 0.76 ± 0.33 0.88 ± 0.54 0.01 

E/E‘ 12.58 ± 5.33 11.39 ± 5.49 0.45 

LA volume (ml) 80.55 ± 24.89 86.32 ± 19.18 0.01 

Indexed LA volume (ml/m²) 46.79 ± 15.47 48.36 ± 8.15 0.05 

PALS (%) 20.29 ± 5.11 19.09 ± 6.08 0.03 

Trans-aortic peak gradient (mmHg) 93.08 ± 20.9 91.84 ± 22.8 0.61 

Trans-aortic mean gradient (mmHg) 54.22 ± 12.58 54.12 ± 12.05 0.74 

Trans-aortic mean gradient variation -74,59 ± 17,21 -81,53 ± 16.2 0.43 

AVA (cm
2
) 0.79 ± 0.18 0.83 ± 0.14 0.39 

MAPSE (mm) 11.05 ± 1.79 11.85 ± 1.65 0.51 

S
‘
 (m/s) 0.07 ± 0.018 0.06 ± 0.016 0.12 
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Baseline 

40-days 

follow-up 

P -value 3-months 

follow-up 

P -value 

 (HR) 69.19±9.73 73.5±11.03 0.16 71.83 ± 15.8 0.66 

LV EDD (mm) 49.07±5 44.76±3.69 0.19 44.64±4.09 0.002 

LV ESD (mm) 31.32±5.14 29.73±3.86 0.29 29.51±4.28 0.11 

IVST (mm) 13.63±1.3 12.92±1.27 0.003 12.51±1.01 0.001 

PWT (mm) 12.78±1.2 12.4±1.19 0.009 11.51±1.24 0.0002 

 EF (%) 56.59±3.83 57.42±4.43 0.51 57.37±4.13 0.35 

 LA (cm
2
) 23.52±4.23 19.97±3.68 <0.0001 19.14±2.96 <0.0001 

 Indexed LA area, (cm
2
/m

2
) 13.33±2.5 11.36±2.31 0.0003 10.85±1.97 0.0002 

LA volume, ml 80.86±24.03 63.13±19.8 <0.0001 57.76±14.42 <0.0001 

Indexed LA volume (ml/m
2
) 45.84±14.16 35.91±12.45 <0.0001 32.82±9.47 <0.0001 

LV mass (g) 265.54±48.29 212.91±39 <0.0001 196.96±30.68 <0.0001 

Indexed LV mass (g/m
2
) 149.72±28.88 120.96±24.33 <0.0001 111.54±18.49 <0.0001 

Global PALS (%) 19.69±4.17 24.44±4.88 0.002 25.84±5.23 <0.0001 

Global PACS (%) 11.52±3.65 14.31±4.25 0.02 15.24±4.39 <0.0001 

Global LV  LS (%) -15.76±3.63 -16.54±2.45 0.10 -17.23±2.10 0.0006 

Trans-aortic peak gradient (mmHg) 92.24±19.85 24.38±10.46 <0.0001 22.15±6.62 0.06 

Trans-aortic mean gradient (mmHg) 52.77±12.31 12.47±4.71 <0.0001 11.73±4.64 0.08 

AV Vmax (m/s) 4.61±0.53 2.28±0.51 <0.0001 2.21±0.42 <0.0001 

LV filling variables      

E (m/s) 0.76±0.24 0.78±0.23 0.71 0.81±0.23 0.11 

A (m/s) 1.08±0.31 0.91±0.32 0.04 1.01±0.28 0.77 

E/A 0.74±0.32 0,99±0.69 0.18 0.83±0.24 0.23 

Longitudinal function       

S
‘
 (m/s) 0.07±0.016 0.09±0.02 0.008 0.09±0.01 0.0009 

E
‘
 (m/s) 0.07±0.020 0.09±0.02 0.001 0.10±0.02 0.003 

A
‘
 (m/s) 0.11±0.022 0.11±0.03 0.75 0.10±0.02 0.12 

E
‘
/A

‘
 0.62±0.20 0.95±0.38 <0.0001 1.11±0.48 <0.0001 

E/E
‘
 12.37±5.18 8.07±4.18 0.0001 8.25±2.5 0.002 

MAPSE (mm) 11.48±1.96 15.07±1.96 <0.0001 16.46±1.99  <0.0001 
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Data presented as mean ± SD. HR, heart rate; LA, left atrial; LV, left ventricular; EDD, end-diastole 

diameter; ESD, end-systolic diameter; IVST, interventricular septum thicknesses; PWT, posterior wall 

thicknesses; LS, longitudinal strain; PALS, peak atrial longitudinal strain; PACS, peak atrial contraction 

strain; AV V max, aortic valve maximal velocity; E, early diastolic peak flow velocity; A, late diastolic peak 

flow velocity; S′, peak systolic mitral annulus velocity; E′, peak early diastolic mitral annular velocity; A′, 

peak late diastolic mitral annulus velocity; MAPSE, mitral annular plane systolic excursion. 
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Table 6. Univariate correlations with global peak atrial longitudinal strain increasing   

3-months after the aortic valve replacement 

 

HR, heart rate; BSA, body surface area; SV, stroke volume, LA, left atrial; EF,  

ejection fraction; E, early diastolic peak flow velocity; AVA, aortic valve area; A,  

 R P value 

Age -0.09 ns 

Gender (% female) 0.05 ns 

BSA -0.06 ns 

Baseline values   

HR  0.07 ns 

AV Vmean  0.07 ns 

 SV 0.10 ns 

EF -0.07 ns 

E/A ratio -0.22 0.05 

E/E’ ratio -0.01 ns 

S’ -0.11 ns 

MAPSE -0.12 ns 

LA area 0.03 ns 

LA volume 0.04 ns 

Variation values (%)   

HR  0.04 ns 

Trans-aortic mean gradient  -0.35 0.005 

AVA -0.33 0.002 

 SV  0.14 ns 

 EF  0.15 ns 

E/A ratio 0.22 0.05 

E/E’ ratio 0.08 ns 

S’  0.13 ns 

MAPSE 0.15 ns 

LA area -0.09 ns 

LA volume 0.01 ns 
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late diastolic peak flow velocity; S′, peak systolic mitral annulus velocity; E′, peak  

early diastolic mitral annular velocity; MAPSE, mitral annular plane systolic  

excursion. 

 

 

Figure. 16. Example of peak atrial longitudinal strain (PALS) from speckle tracking  

echocardiography and left atrial (LA) volume in patients before, 40 days and 3 months  

after aortic valve replacement. AVR=aortic valve replacement. 
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Figure 17. Global peak atrial longitudinal strain (PALS) from speckle tracking  

echocardiography in patients before, 40 days and 3 months after aortic valve  

replacement. 

 

 

Figure 18. Indexed left atrial (LA) volume in patients before, 40 days and 3 months  

after aortic valve replacement. 
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Study III 

RV strain measurement reproducibility  

The software was able to track 146/156 (94 %) acquired RV segments. Ten patients were randomly 

selected and Bland-Altman analysis was performed to evaluate the intra- and inter-observer 

variability, demonstrating a good agreement, with small bias, of 0.6 ± 2.9 % and 0.8 ± 4.1 %, 

respectively. 

 

RESULTS 

Patient‘s mean peak VO2 was 11.2 ± 1.7 ml/Kg/min [I° quartile: 9,8 ml/Kg/min; II° quartile: 11,2 

ml/Kg/min (also the median), III° quartile: 12,8 ml/Kg/min; IV° quartile: 14,6 ml/Kg/min]. They 

had reduced exercise capacity (NYHA Class III-IV) and elevated NT-proBNP value [I° quartile: 

1545 pg/ml; II° quartile: 3362 pg/ml (also the median), III° quartile: 5145 pg/ml; IV° quartile: 

10479 pg/ml] (Table 7).  Right heart catheterization data are listed in (Table 8). Patients underwent 

HTx 22 ± 14 days after the echocardiographic examination. 17 patients (63 %) had severe RV 

myocardial fibrosis (> 50 %). 

 

Patients vs. controls (Table 9) 

Compared to controls, patients had higher LV mass index (p < 0.0001), reduced EF (p < 0.0001) 

(inclusion criterion) and reduced LV global LS (p < 0.0001). LV e′ was lower (p = 0.002), E/A and 

E/e′ higher (p < 0.0001 for both). Patients had increased RV inlet diameter (p = 0.002). RVSI was 

increased (p < 0.001), E/A and e′/a′ (p = 0.008 and p = 0.03, respectively) lower, than controls. 

They also had reduced TAPSE and s′ (p = 0.001 and p = 0.003, respectively) and RV free wall LS 

(p < 0.0001 for both) and increased RA area (p = 0.006) with severely reduced RALS (p < 0.0001).   
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RV function vs fibrosis (Figure 19-23 and table 10). 

RV myocardial fibrosis correlated with free wall LS (r = 0.80; p < 0.0001), SI (r = 0.42; p = 0.01) 

and VO2 max (r = - 0.41; p = 0.03), with a poor correlation with TAPSE (r = - 0.34; p = 0.05) and 

RALS (r = - 0.37; p = 0.03). Stepwise multivariate analysis showed that RV free wall LS (β = 

0.701, p < 0.0001) was independently associated with RV fibrosis (overall model R
2
 = 0.64, p < 

0.0001). RV free wall LS was the main determinant of myocardial fibrosis. 

In the subgroup of patients with severe RV fibrosis, myocardial fibrosis correlated with free wall LS 

(r = 0.72; p < 0.0001), SI (r = 0.47; p < 0.0001), RALS (r = - 0.46; p = 0.005), and VO2 max (r = - 

0.44, p = 0.01) with a poor correlation with TAPSE (r = - 0.32; p=0.01). RV free wall LS had the 

highest diagnostic accuracy for detecting severe myocardial fibrosis (AUC = 0.87; 95%, CI: 0.80-

0.94).  

 

LV function vs exercise capacity (VO2 max) 

 

There was no relationship between LV myocardial deformation (global LS) and exercise capacity 

(VO2 max) (R = - 0,29; p = ns). 
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Table 7. Patient’s clinical data (n = 27) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker;  

CRT-D, cardiac resynchronization therapy and defibrillation implantation;  

NT-proBNP, N-terminal pro Brain Natriuretic Hormone. 

 

 Patients n (%) 

Hypertension 20 (74%) 

Diabetes mellitus 8 (30%) 

Hypercholesterolemia 19 (70%) 

Current smoker 2 (7%) 

    NYHA Class  

III                15 (55%) 

IV 

    Cardiomyopathy 

               12 (45%) 

Ischemic  16 (59%) 

Idiopathic 10 (37%) 

Hypertrophic cardiomyopathy 

   Medical therapy  

1 (4%) 

ACE-inhibitors or ARB  27 (100%) 

Beta-blockers 25 (93%) 

Aldosterone antagonists  10 (37%) 

Loop diuretics 27 (100%) 

Statins 19 (70%) 

Amiodaron 11 (41%) 

Digitalis 6 (22%) 

CRT-D 11 (41%) 

   Laboratory data  

Hemoglobin (g/dl)  12.6 ± 1.9 

Creatinine (mg/dl) 1.28 ± 0.53 

Urea (mg/dl) 64.2 ± 39.7 

NT-proBNP (pg/ml) 3846.6 ± 3213.8  
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Table 8. Patient’s catheterization data (n=27)  

 

PAP, pulmonary arterial pressure; PAoP, Pulmonary artery occlusion  

pressure; CI therm, cardiac index estimated by thermodilution. RVSWI,  

right ventricular stroke work index.  

 

 

 

 

 

 

 

 

 

 

 

 

Right heart Catheterization data Mean ± SD 

Systolic blood pressure (mmHg) 103 ± 9 

Diastolic blood pressure (mmHg) 69 ± 9 

Mean PAP (mmHg) 28.7 ± 7.8 

Systolic PAP (mmHg) 39.4 ± 6.8 

Diastolic PAP (mmHg) 19.3 ± 3.7 

PAoP (mmHg) 22.7 ± 6.3 

CI therm (ml/min/m
2
) 2.1 ± 0.4 

CI Fick (ml/min/m
2
) 1.98 ± 0.3 

RVSWI (mmHg/l m
2
) 0.23 ± 0.07 
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Table 9. Echocardiographic data of the study population  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

LV, left ventricular; LS, longitudinal strain; EDD, end-diastolic  

diameters; TAPSE, tricuspid annular plane systolic excursion; E,  

early trans-tricuspid flow velocity; A, atrial trans-tricuspid flow  

velocity; s’, tricuspid systolic annular velocity; e’, early diastolic  

tricuspid annular velocity; SI, sphericity index; RV, right ventricular;  

 Healthy 

Subjects 

(n=25)   

Patients 

(n=27) 

p value 

Gender (% female) 38% 30% ns 

Age (years) 51.8 ± 6.7 53.7 ± 4.6 ns 

Heart rate (bpm) 76.9 ± 9.6 79.2 ± 11.2 ns 

Body Mass Index (Kg/m2) 25.9 ± 1.9 24.5 ± 2.2 ns 

Body surface area (m2) 1.87 ± 0.6 1.99 ± 0.2 ns 

End-diastolic LV volume (ml) 81.7 ± 11.4 225.4 ± 78.2 <0.0001 

LV Ejection Fraction (%) 61.4 ± 1.9 22.3 ± 2.4 <0.0001 

LV global LS (%) -21.2 ± 1.9        -8.0 ± 5.1 <0.0001 

LV mass index (g/m2) 72.7 ± 12.3 121.8 ± 19.9 <0.0001 

     Right heart parameters    

Mid-ventricular EDD (mm) 24.3 ± 6.2 39.8 ± 4.1 0.002 

TAPSE (mm) 24.6 ± 3.4 13.3 ± 4.1 0.001 

SI 0.36 ± 0.04  0.51 ± 0.07 <0.001 

RV length (cm) 7.3 ± 0.6  7.9 ± 0.9 ns 

Tricuspid E/A ratio 1.67 ± 0.4 1.08 ± 0.9 0.008 

Tricuspid s′ (cm/s) 14.2 ± 2.1 10.6 ± 2.9 0.003 

Tricuspid e′ (cm/s) 13.5 ± 1.9 9.4 ± 0.9 0.001 

Tricuspid a′ (cm/s) 15.6 ± 2.2 11.2 ± 1.2 0.009 

Tricuspid  e′/ a′  0.94 ± 0.1 0.83 ± 0.2 0.03 

RV free wall LS (%) -29.7 ± 4.7 -15.3 ± 4.7 <0.0001 

RA area (cm2) 14.6 ± 2.4 24.7 ± 3.3 0.006 

RALS (%) 40.2 ± 12.4 12.2 ± 5.5 <0.0001 
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RA, right atrial; RALS, right atrial longitudinal strain. 

 

Table 10. Echocardiographic data of the study population  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Values are (%). RV, right ventricular; LS, longitudinal strain. 

Patients  RV free wall 

LS (%) 

RV free wall myocardial 

fibrosis (%) 

1 -16,56 58 

2 -10,31 53 

3 -12,54 59 

4 -15,47 58 

5 -11,25 65 

6 -11,58 56 

7 -19,22 58 

8 -16 54 

9 -9 70 

10 -15 59 

11 -12,2 61 

12 -8,2 65 

13 -7,7 69 

14 -3,58 71 

15 -17,72 43 

16 -17,9 45 

17 -21,88 55 

18 -18,52 53 

19 -13,1 53 

20 -18,9 41 

21 -20,2 32 

22 -18,9 39 

23 -19,4 41 

24 -19,5 37 

25 -18,7 45 

26 -19,8 31 

27 -20,7 32 
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Figure 19. The dashed curve represents the average LS of only free wall RV segments  

along the cardiac cycle. AVC, aortic valve closure.  

 

 

Figure 20. The dashed curve represents the average LS of only free wall RV segments  

along the cardiac cycle. AVC, aortic valve closure. (B) RV free wall biopsy in the same  

patients (original magnification: x 50). 

 



78 

 

 

 

 

 

Figure 21. The dashed curve represents the average LS of only free wall RV segments along the 

cardiac cycle. AVC, aortic valve closure. For RV free wall biopsy, original magnification: x 50. 
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Figure 22. ROC curves for  RV free wall LS. 
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  Figure 23. RV, right ventricular; LS, longitudinal strain 

 

Study IV 

LA strain measurement reproducibility  

Among a total of 1248 LA segments, the software was able to track 1184 (94.9%) segments. To 

assess the reproducibility of global PALS, 15 patients were randomly selected: Bland–Altman 

analysis was performed to evaluate the intra- and interobserver agreement, repeating the 

measurement of the data stored, by the same observer and a second independent observer. Bland–

Altman analysis demonstrated good intra- and inter-observer agreement, with small bias not 

significantly different from zero. Mean differences ± 2 standard deviations were 0.7 ± 2.7 % and 0.8 
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± 3.4 % for intra- and interobserver agreement, respectively. Intra and interobserver coefficient of 

variation of global PALS were 3.3 % and 3.5 %, respectively. 

 

RESULTS 

Patients before MVR vs controls (Table 11 and 12)  

Before surgery, 30 patients (81 %) were in NYHA class II and 7 patients (19 %) in class III. Mean 

EROA was 46.4 ± 7.1 mm
2
. Patients did not differ from controls in age, gender, heart rate or BSA. 

They had significant LV hypertrophy, as shown by septal and posterior wall thickness (p < 0.001 

for both) and increased LV mass index (p < 0.0001), but normal EF. They had increased LV EDD 

(p = 0.02), indexed LV end-diastolic volume (EDV, p = 0.001) and indexed LV end-systolic 

volume (p = 0.05). Patients also had higher E wave velocity (p = 0.01), e′ (p = 0.05) and raised E/e′ 

(P = 0.001). LV lateral MAPSE and its s′ (p = 0.01 for both) were reduced. LV global LS (p = 0.03) 

and CS at the apex and basal level were also reduced (p = 0.03 and p = 0.01, respectively), resulting 

in compromised LV global CS (p = 0.01). Indexed LA area and indexed LA volume were both 

increased in patients (p < 0.0001 for both) and global PALS and PACS were both reduced (p < 

0.0001 and p = 0.001 respectively). 

 

Mitral valve surgery and peri-operative data 

Mitral valve surgical interventions included repair with posterior leaflet resection and flexible ring 

insertion in 35 cases and Alfieri central stitch with insertion of a flexible ring in two patients. After 

MVR, no patient had significant MR; only 7 patients had mild MR and in these patients post-

operative EROA was 7.1 ± 1.3 mm
2
. No patient had surgical complications; only 3 patients had 

fever lasting < 24 hours, solved with intravenous antibiotics. 
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Pre-operative correlation with symptoms, and post-operative AF (table 14) 

Twelve patients (32 %) developed early post-operative AF, 2.9 ± 1.9 days, 3 (25 %) converted 

within 24 hours to sinus rhythm, 4 (33 %) required treatment with intravenous Amiodarone and 5 

(42 %) needed DC cardioversion because of poor rate control, in accordance with the 

recommendations of the ESC. These patients received regular post-operative echocardiographic 

follow-up, 3 months after surgery. Compared to patients who maintained sinus rhythm, those who 

developed AF had significantly higher indexed LVEDV (p = 0.03), indexed LVM (p = 0.04), 

indexed LA volume and area (p = 0.006 and 0.007 respectively), and lower PALS (p < 0.0001) 

values pre-operatively. Pre-operative EROA correlated strongly with PALS (R = - 0.69, p < 0.001) 

and pre-operative LA volume correlated with LV EDV (R = 0.51, p = 0.01 figure 24-26). Pre-

operative NYHA class correlated strongly with PALS (R = - 0.69, p < 0.001) and EROA (R = 0.69, 

p < 0.001), and modestly with LA volume (R = 0.51, p = 0.04), but not with LV LS (R = 0.23, p = 

ns), (figure 27-28). EROA correlated modestly with LV LS (R = 0.54, p = 0.01). 

 

Patients before vs 3 months after MVR (table 12 and 13) 

After MVR, LV EDD fell (p = 0.05) as did indexed LV EDV (p = 0.01), and EF (p = 0.05). 

Interventricular septal thickness regressed (p = 0.03), as did indexed LV mass (p < 0.0001). Lateral 

LV long axis function (MAPSE and s′) slightly increased (p = 0.001 and 0.003 respectively) but  

global LS (p = 0.001), global CS (p = 0.004), apical CS (p = 0.0001) and basal CS (p = 0.01) all 

reduced. LV twist angle and LV untwist rate also reduced after surgery (p = 0.01 for both). LV E 

wave velocity slightly reduced (p = 0.03), but A velocity increased (p = 0.001), resulting in reduced 

E/A (p = 0.05). e′ remained unchanged and a′ increased (p = 0.03) as did E/e′ (p = 0.0001). Indexed 

LA area and indexed volume both fell (p = 0.01 and 0.05, respectively), as did global PALS (p = 

0.001). 
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Predictors of reduction of LA volume and function after MVR (table 15) 

A stepwise multivariate regression analysis identified, indexed LVM (β = - 0.41, p < 0.001) and 

EROA (β = - 0.35, p < 0.001) as independent predictors of the reduction of LA volume after 

surgery. The model explained 61.7% of the change in LA volume (overall model p < 0.001). 

Indexed LVM was the strongest predictor, accounting for 45.6% of the total variability explained by 

the model. A stepwise multivariate regression analysis identified, indexed LA volume (β = 0.46, p < 

0.001) and indexed LV EDV (β = 0.41, p < 0.001) as independent predictors of the reduction of 

global PALS after surgery. The model explained 64.3% of the change in global PALS (overall 

model p < 0.001). LA volume was the strongest predictor, accounting for 43.8% of the total 

variability explained by the model. 

Predictors of post-operative AF 

A stepwise multivariate regression analysis identified, global PALS (β = - 0.43, p < 0.001), indexed 

LVM (β = 0.36, p < 0.001) and indexed LA volume (β = 0.32, p = 0.01) as independent predictors 

of post-operative AF. The model explained 57.6% of the change in global PALS (overall model p < 

0.001). Global PALS was the strongest predictor, accounting for 47.2% of the total variability 

explained by the model.  
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Table 11. Patient’s clinical data (n = 37) 

 

 

 

 

 

 

 
 

 

 

 

ACE, angiotensin-converting enzyme; ARB, angiotensin receptor  

blocker; NYHA, New York Heart Association; ECC, extra corporal  

circulation time; OT, occlusion cross-clamping time. 

 

 

 

 

  Patients n (%) 

Hypertension 18 (48%) 

Diabetes mellitus 4 (11%) 

Hypercholesterolemia 10 (27%) 

Current smoker 8 (21%) 

    NYHA Class  

II               30 (81%) 

III               7 (19%) 

    Medical therapy   

ACE-inhibitors or ARB  18 (48%) 

Calcium Antagonists                                                         8  (21%) 

Beta-blockers 12 (40%) 

Aldosterone antagonists  8 (21%) 

Loop diuretics 34 (92%) 

Statins 10 (27%) 

    Surgical data  

Euroscore (%) 6.4 ± 2.9 

ECC (min) 152.7 ± 51.6 

OT (min) 124.7 ± 41.8 
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Table 12. Echocardiographic data of the study population  

 

 

 

 

Data presented as mean ± standard deviation.LV, left ventricular; LS, longitudinal strain; EDD, end- 

 Healthy 

Subjects 

(n=30)   

Patients 

baseline 

(n=37) 

p value 3-months 

follow-up 

(n=37) 

p value 

Gender (% female) 32 % 38 % ns 38% ns 

Age (years) 65.6 ± 8.7 68 ± 9.5   ns 68 ± 9.5 ns 

Heart rate (bpm) 74.8 ± 8.9 76.7 ± 9.8 ns 75.8 ± 8.3 ns 

Body surface area (m
2
) 1.88 ± 0.23 1.83 ± 0.16 ns 1.81 ± 0.18 ns 

LV EDD (mm) 43.7 ± 4.4 54.5 ± 5.1 0.02 49.1 ± 45.1 0.05 

LV ESD (mm) 31.8 ± 4.8 33.7 ± 5.9 ns 33.1 ± 4.0 ns 

IVST (mm) 9.1 ± 1.2 12.1 ± 1.5 < 0.001 11.3 ± 1.6 0.03 

PWT (mm) 8.4 ± 1.3 11.4 ± 1.4 < 0.001 10.8 ± 1.3 ns 

LV EDV (ml) 89.9 ± 23.8 131.5 ± 44.5 0.001 106.9 ± 33 0.01 

Indexed LV EDV (ml/m
2
)             48.6 ± 12.9 71.27 ± 22.3 0.001 58.32 ± 16.3 0.01 

LV ESV (ml) 40.6 ± 11.7 52.2 ± 18.1 0.05 47.1 ± 16.2 ns 

Indexed LV ESV (ml/m
2
) 21.7 ± 7.1 28.7 ± 9.7 0.05 25.7 ± 8.1 ns 

LV mass (g)                          140.6 ± 34.3 258.9 ± 64.2 < 0.0001 196.7 ± 45.1 < 0.0001 

Indexed LV mass (g/m
2
) 74.7 ± 21.4 141.9 ± 35.9 < 0.0001 107.6 ± 23.6 < 0.0001 

LV EF (%) 61.8 ± 3.9 60.4 ± 4.6 ns 55.5 ± 3.1 0.05 

LV strain parameters (%)      

LV global LS  -21.9 ± 3.1 -20.1 ± 4.3 0.03 -16.4 ± 3.0 0.001 

LV global circumf. strain (%) -27.9 ± 6.5 -23.8 ± 7.1 0.01 -17.1 ± 9.6 0.004 

LV circumf. strain (%), apex -33.7 ± 6.9 -30.3 ± 8.3 0.03 -20.4 ± 19.3 0.0001 

LV circumf. strain (%), basal -20.8 ± 6.2 -17.3 ± 7.8 0.01 -13.6 ± 4.7 0.01 

LV twist angle (°)  12.8 ± 7.4 14.6 ± 7.0 0.03 11.2 ± 8.3 0.01 

LV Untwist rate (°/s)  -93.4 ± 12.9 -119.83 ± < 0.001 -99.0 ± 57.9 0.01 

LV filling variables      

E (m/s) 0.74 ± 0.17 1.2 ± 0.4 0.01 1.0 ± 0.3 0.03 

A (m/s) 0.71 ± 0.21 0.85 ± 0.2 ns 1.4 ± 0.4 0.001 

E/A 1.1 ± 0.46 1.18 ± 0.6 ns 0.8 ± 0.4 0.05 

Long axis function      

sʹ (cm/s) 0.10 ± 0.07 0.08 ± 0.08 0.01 0.10 ± 0.08 0.03 

eʹ (cm/s) 0.12 ± 0.03 0.10 ± 0.02 0.05 0.09 ± 0.03 ns 

aʹ (cm/s) 0.11 ± 0.09 0.13 ± 0.13 ns 0.10 ± 0.03 0.01 

E/eʹ 5.6 ± 1.9 8.9 ± 2.5 0.001 13.5 ± 6.0 0.0001 

MAPSE (mm)                       15.9 ± 2.17 13.3 ± 3.1 0.01 15.6 ± 3.0 0.001 
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diastolic diameter; ESD, end-systolic diameter; EDV, end-diastolic volume; ESV, end-systolic volume; IVST, 

interventricular septum thicknesses; PWT, posterior wall thicknesses; E, early diastolic peak flow velocity; 

A, late diastolic peak flow velocity; S′, peak systolic mitral annulus velocity; E′, peak early diastolic mitral 

annular velocity; A′, peak late diastolic mitral annulus velocity; MAPSE, mitral annular plane systolic 

excursion. 
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Table 13. Echocardiographic data of the study population: Left atrial parameters. 

 

 

 

Data presented as mean ± standard deviation. LA, left atrial; PALS, peak atrial  

longitudinal strain; PACS, peak atrial contraction strain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Healthy 

Subjects 

(n=30)   

Patients 

baseline 

(n=37) 

p 

value 

3-months 

follow-up 

(n=37) 

p 

value 

LA area (cm
2
) 18.4 ± 2.1 23.6 ± 6.0 < 0.0001 22.1 ± 5.8 0.01 

Indexed LA area (cm
2
/m

2
) 10.1 ± 1.2   14.4 ± 3.3  < 0.0001 12.1 ± 3.1 0.01 

LA volume (ml) 50.9 ± 12.2  93.6 ± 37.3  < 0.0001 84.1 ± 36.9 0.05 

Indexed LA volume (ml/m
2
) 27.7 ± 6.9  51.7 ± 19.7  < 0.0001 46.2 ± 21.4 0.05 

Global PALS (%) 39.7 ± 6.8  25.7 ± 8.46  < 0.0001 22.5 ± 7.2 0.001 

Global PACS (%) 16.5 ± 5.3 12.8 ± 4.1 0.001 13.1 ± 5.8 ns 
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Table 14. Echocardiographic differences between patients who developed post-operative  

atrial fibrillation and those who maintained sinus rhythm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data presented as mean ± standard deviation. AF, atrial fibrillation; LV, left ventricular; LS, longitudinal 

strain; EDD, end-diastolic diameter; EDV, end-diastolic volume; E, early diastolic peak flow velocity; A, 

late diastolic peak flow velocity; s′, peak systolic mitral annulus velocity; e′, peak early diastolic mitral 

annular velocity; a′, peak late diastolic mitral annulus velocity; MAPSE, mitral annular plane systolic 

excursion; PALS, peak atrial longitudinal strain; PACS, peak atrial contraction strain. 

 

 

 AF  

 (n=12)   

No AF 

(n=25) 

p value  

LV EDD (mm) 56.1 ± 3.9 54.2 ± 5.6 ns 

Indexed LV EDV (ml/m
2
)             77.16 ± 25.6 69.7 ± 21.2 0.03 

LV EF (%) 59.7 ± 6.7 60.8 ± 3.9 ns 

Indexed LV mass (g/m
2
) 162.6 ± 36.2 133.4 ± 33.2 0.04 

LV global LS (%) -19.3 ± 4.9 -21.2 ± 2.7 ns 

LA area (cm
2
) 29.6 ± 6.9 23.5 ± 5.2 0.007 

Indexed LA area (cm
2
/m

2
) 17.3 ± 4.3 11.2 ± 3.2 0.007 

LA volume (ml) 119.1 ± 42.1 83.9 ± 28.9 0.006 

Indexed LA volume (ml/m
2
) 66.9 ± 25.5 45.1 ± 16.1 0.006 

Global PALS (%) 18.1 ± 5.4 28.3 ± 6.3 < 0.0001 

Global PACS (%) 13.2 ± 4 12.6 ± 4.2 ns 

E (m/s) 1.13 ± 0.55 0.96 ± 0.28 ns 

A (m/s) 0.89 ± 0.25 0.84 ± 0.27 ns 

E/A 1.1 ± 0.6 1.24 ± 0.65 ns 

E/eʹ 9.8 ± 2.6 8.9 ± 2.5  ns 

sʹ (cm/s) 0.08 ± 0.08 0.09 ± 0.08 ns 

MAPSE (cm) 13.2 ± 2.5 13,5 ± 3.6 ns 
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Table 15. Univariate correlations with global PALS reduction  

3 months after MVR. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

LV, left ventricular; BSA, body surface area; LS, longitudinal strain; GCS, global circumferential strain, 

EDV, end-diastolic volume; E, early diastolic peak flow velocity; A, late diastolic peak flow velocity; S′, peak 

systolic mitral annulus velocity; E′, peak early diastolic mitral annular velocity; A′, peak late diastolic mitral 

annulus velocity; MAPSE, mitral annular plane systolic; LA, left atrial. excursion. 

 

 

 

 R   P value  

Age (years) -0.25 ns 

Gender (% female)                0.15 ns 

BSA (m
2
)          -0.18 ns 

       

   Echocardiographic  data   

Indexed LV EDV ( ml/m
2
) 0.45 0.01 

LV EF (%) 0.22 ns 

LV LS (%) 0.16 ns 

LV GCS (%) 0.18 ns 

LV twist angle (°) -0.20 ns 

LV untwist rate (°/s) 0.14  

E (m/s) 0.41 0.01 

E/A  0.39 0.05 

sʹ (cm/s) 0.22 ns 

eʹ (cm/s) -0.34 0.05 

E/eʹ 0.48 0.01 

MAPSE (mm)          0.21      ns 

Indexed LA area (cm
2
/m

2
) 0.51    0.001 

Indexed LA volume (ml/m
2
)          0.55    0.001 
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Figure 24. LA, left atrial; LV left ventricular; EDV, end-diastolic volume.  

 

 

Figure 25. EROA, effective regurgitant orifice area ; PALS, peak atrial  

longitudinal strain.  
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Figure 26. EROA, effective regurgitant orifice area ; LV LS, left ventricular  

longitudinal strain.  

 

Figure 27. PALS, peak atrial longitudinal strain; NYAH, New York heart association.  
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Figure 28. EROA, effective regurgitant orifice area; NYHA, New York heart association.  

 

 

 

 

Study V 

LA strain measurement reproducibility  

The software was able to track 146/156 (94%) acquired LA segments. Ten patients were randomly 

selected and Bland-Altman analysis was performed to evaluate the intra- and inter-observer 

variability, demonstrating a good agreement, with small bias, of 0.6 ± 2.9% and 0.8 ± 4.1%, 

respectively. 
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Results:  

Patients had reduced exercise capacity, 32 (66%) were in NYHA III and 16 (34%) NYHA IV. Peak 

VO2 was 12.6 ± 1.9 ml/Kg/min and NT-proBNP was raised with a mean value of 4112.7 ± 2987.2 

pg/ml (Table 16). Right heart catheterization data are listed in (Table 17). Patients underwent HTx 

25 ± 11 days after the echocardiographic examination. Patients‘ mean LA fibrosis was 37.1 ± 23.5 

% (Table 18) with 11 (23%) having severe LA myocardial fibrosis  (>50%). 

 

 

A) Patients vs. controls (Table 18 and 19) 

 
 

Patients did not differ from controls in age, gender, heart rate, BMI and BSA. They had reduced LV 

EF (p<0.0001) (inclusion criterion) and reduced LV global LS (p<0.0001), higher LV end-diastolic 

(p = 0.001) and end-systolic volume (p < 0.0001) and higher LV mass index (p < 0.0001). LV E 

was higher (p = 0.04), TDI s′ was lower (p = 0.03), as well as e′ and a′ (p = 0.02 and p = 0.05, 

respectively), resulting in raised E/A and E/e′ (p = 0.01 and p<0.0001 respectively). Patients had 

higher LA area and volume index (p = 0.001 and p < 0.0001, respectively) and reduced global 

PALS and PACS (p < 0.0001 and p = 0.01, respectively).   

 

Predictors of LA fibrosis 

LA fibrosis correlated strongly with PALS (R = - 0.76; p < 0.0001), and NYHA class (R = 0.73; p < 

0.0001) and modestly with VO2 max (R = - 0.65; p = 0.001), LA stiffness (R = 0.58; p = 0.001) and 

E/e′ (R = 0.55; p = 0.01). Global PALS correlated with VO2 max (R = 0.53; p = 0.001) and LA 

volume (R = - 0.48; p = 0.01) and weakly with E/e′ (R = - 0.36; p = 0.03) figure 29-33. 

Multivariate regression analysis identified global PALS (β = - 0.62, p < 0.001), LA stiffness (β = 

0.54, p < 0.001), LA volume (β = 0.41, p < 0.001) and E/e′ (β = 0.33, p = 0.01) as independent 



94 

 

predictors of LA fibrosis. The model explained 63.4% of the variance and global PALS was the 

strongest predictor.  

Among analyzed parameters global PALS had the best diagnostic accuracy for detecting LA 

fibrosis of >50%; with a cut-off value of 7.6 % having an AUC of 0.79 on the ROC analysis with a 

sensitivity of 87% and specificity of 84%. Respective AUC for the LA stiffness, LA volume and 

E/E‘ ratio were 0.64, 0.61 and 0.41. 

 

LV function vs exercise capacity (VO2 max) 

There was no relationship between LV myocardial deformation (GLS) and VO2 max (R = - 0,21; p 

= ns), neither between LV EF and VO2 max (R =  0,16; p = ns). GLS was not a good predictor of 

functional capacity measured with VO2 max (AUC: 0.30). 
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Table 16. Patient’s clinical data (n = 48) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker;  

CRT-D, cardiac resynchronization therapy and defibrillation implantation;  

NT-proBNP, N-terminal pro Brain Natriuretic Hormone. 

 

 Patients n (%) 

Hypertension 39 (81%) 

Diabetes mellitus 12 (25%) 

Hypercholesterolemia 26 (54%) 

Current smoker 4 (8%) 

    NYHA Class  

III                32 (66%) 

IV 

    Cardiomyopathy 

               16 (34%) 

Ischemic  27 (56%) 

Idiopathic 18 (38%) 

Hypertrophic cardiomyopathy 

   Medical therapy  

3 (6%) 

ACE-inhibitors or ARB  48 (100%) 

Beta-blockers 46 (96%) 

Aldosterone antagonists  31 (64%) 

Loop diuretics 48 (100%) 

Statins 30 (62%) 

Amiodaron 19 (39%) 

Digitalis 8 (18%) 

CRT-D 17 (35%) 

   Laboratory data  

Hemoglobin (g/dl)  11.9 ± 1.6 

Creatinine (mg/dl) 1.22 ± 0.78 

Urea (mg/dl) 58.6 ± 26.1 

NT-proBNP (pg/ml) 4112.7 ± 2987.2  
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Table 17. Patient’s catheterization data (n=48)  
 

 

 

 

 

 

 

 

 

 

 

 

CVP, central venous pressure; PAP, pulmonary arterial pressure;  

PAoP, Pulmonary artery occlusion pressure; CI therm, cardiac index  

estimated by thermodilution; CO, cardiac output; RVSWI, right  

ventricular stroke work index. 

 

 

 

 

 

 

Right heart Catheterization data Mean ± SD 

Systolic blood pressure (mmHg) 115 ± 11 

Diastolic blood pressure (mmHg) 68 ± 9 

Mean blood pressure (mmHg) 77 ± 9 

CVP (mmHg) 11 ± 4 

Mean PAP (mmHg) 28.4 ± 8.9 

Systolic PAP (mmHg) 42.4 ± 12.1 

Diastolic PAP (mmHg) 21.7 ± 8.1 

PAoP (mmHg) 21.6 ± 7.2 

CI therm (ml/min/m
2
) 1.99 ± 0.45 

CI Fick (ml/min/m
2
) 1.82 ± 0.37 

CO therm (l/min) 3.2 ± 0.8 

RVSWI (mmHg/l ∙ m
2
) 0.26 ± 0.05 
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Table 18. Echocardiographic data of the study population: Left ventricular parameters. 

 

LV, left ventricular; LS, longitudinal strain; E, early trans-mitral flow velocity; A, atrial trans-mitral flow 

velocity; s′ , mitral systolic annular velocity; e′, early diastolic mitral annular velocity, a′, late diastolic 

mitral annular velocity.  

 

 

 Healthy 

Subjects 

(n=45)   

Patients 

(n=48) 

p value 

Gender (% female) 34% 29% ns 

Age (years) 49.4 ± 7.2 51.2 ± 8.1 ns 

Heart rate (bpm) 73.4 ± 12.9 75.8 ± 10.4 ns 

Body mass index (Kg/m2) 25.7 ± 4.1 23.2 ± 3.8 ns 

Body surface area (m2) 1.83 ± 0.9 1.89 ± 0.6 ns 

End-diastolic LV volume (ml) 98.8 ± 15.9 213.3 ± 73.1 0.001 

End-systolic LV volume (ml) 38.6 ± 9.2 159.3 ± 59.2 < 0.0001 

LV Ejection Fraction (%) 62.7 ± 2.9 23.1 ± 4.2 < 0.0001 

LV global LS (%) -20.4 ± 1.7  -7.6 ± 2.8 < 0.0001 

LV mass (g) 142.9 ± 29.4 294.8 ± 80.1 < 0.0001 

LV mass index (g/m2) 79.4 ± 17.4 156.2 ± 38.9 < 0.0001 

     LV Doppler parameters    

E (m/s) 0.6 ± 0.2 0.9± 0.3 0.04 

A (m/s) 0.5 ± 0.2 0.5 ± 0.3 ns 

E/A  1.3 ± 0.3 2.5 ± 1.2 0.01 

LV lateral s′ (m/s) 0.08 ± 0.03 0.05 ± 0.02 0.03 

LV lateral e′ (m/s) 0.11 ± 0.04 0.07 ± 0.03 0.02 

LV lateral a′ (m/s) 0.09 ± 0.04 0.05 ± 0.02 0.05 

E/e′ 5.9 ± 1.6 15.7 ± 3.7 < 0.0001 
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Table 19. Left atrial parameters. 

 

 

 

 

LA, left atrial; PALS, peak atrial longitudinal strain; PACS; peak atrial contraction  

strain. 

 

 

 

 

 

 

 

 Healthy 

Subjects 

(n=45)   

Patients 

(n=48) 

p value 
      

 

     LA  parameters    

LA area (cm
2
)    18.4 ± 2.9    31.2 ± 7.4 0.001 

Indexed LA area (cm
2
/m

2
) 10.2 ± 1.6              16.6 ± 4.1 0.001 

LA volume (ml) 52.6 ± 9.4   129.1 ± 46.5 < 0.0001 

Indexed LA volume (ml/m
2
) 29.8 ± 5.2     68.1 ± 22.7     < 0.0001 

Global PALS (%) 36.8 ± 8.9       9.4 ± 3.67 <0.0001 

Global PACS (%) 14.7 ± 4.6     4.1 ± 2.7 0.01 

    Global LA fibrosis (%)        ---     37.1 ± 23.5 --- 
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Figure 29. LA, left atrial; PALS, left atrial longitudinal strain  
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Figure 30. LA, left atrial; NYHA, New York heart association  
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Figure 31. LA, left atrial; VO2 max, maximal oxygen consumption  

 

 

Figure 32. LA, left atrial 

 

 

Figure 33. PALS, peak atrial longitudinal strain; VO2 max, maximal  

oxygen consumption 
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Discussion 

MR and AS result in LA dilation and LA volume and pressure overload respectively, determining 

increasing risk of AF development and HF symptoms. Furthermore, end-stage HF is associated with 

both LA volume and pressure overload, myocardial fibrosis, increased cavity stiffness and increased  

LV filling pressure, hence worsening of HF symptoms. This vicious mechanisms determines 

increase in pulmonary pressures and RV pressure overload with RV fibrosis and RV chamber 

dysfunction. STE has emerged as an important tool for the evaluation of myocardial deformation in 

cardiac diseases, allowing better understanding of such pathophysiology and in predicting  

myocardial fibrosis. 

 

Study I 

The main findings of this study can be summarised as follows: a) After MVR, long axis function 

(Sm and MAPSE) increased, despite significantly decreased EF; b) LV diameters and volumes, wall 

thicknesses, mFS, and LA size were all reduced after surgery; c) baseline Em was found to be the 

only predictor of relative changes in Sm, whereas baseline Em and LV end-systolic volume   

independently predicted changes in mFS and d) baseline E/Em ratio emerged as the only predictor 

of changes in MAPSE. 

In this study, mitral valve repair was associated with a significant improvement in LV longitudinal 

systolic function at the 3-month follow-up. These changes occurred despite a considerable reduction 

in LV EF and measures of circumferential shortening. Interestingly, TD indices of diastolic function 

at baseline were the only predictors of postoperative improvement in longitudinal systolic 

function. LV systolic function is of major importance in establishing the optimal timing of mitral 

valve surgery, and represents an important determinant of operative survivals in patients with MR. 

Current guidelines recommend only standard echocardiographic indices – i.e., EF and LV end-
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systolic and end-diastolic dimensions – as preoperative variables which predict postoperative 

survival, symptomatic improvement, and changes in LV function. A major issue in this context 

is that EF as an index of global LV systolic function is biased by strict load dependency, poor test–

retest reproducibility, and low sensitivity to early impairment in fiber contractility. These 

limitations are further enhanced in the presence of hemodynamically significant MR, as it 

reduces impedance to LV emptying by providing another low resistance outflow path in addition to 

the systemic circulation. Severe chronic MR is typically associated with progressive LV dilation, 

increase in LV wall stress, and myocardial fiber dysfunction despite preservation of EF within 

apparently normal range. Also, worsening of EF postoperatively typically reflects haemodynamic 

consequences of increased afterload due to MR correction, a feature that may also explain the 

geometric changes in LV shape observed in our population. These results show a clear paradox 

between the behaviour of the conventionally used EF for assessing systolic LV function and the less 

conventionally used long-axis function. While patients' symptoms improved after surgery, EF 

dropped and long axis increased. These findings therefore highlight the potential additive 

information provided by longitudinal systolic indices, and points out the key role of longitudinal 

systolic dysfunction as a determinant of contractile impairment in patients with MR undergoing 

mitral valve repair. It is also intriguing to point out the association between baseline diastolic 

indices and postoperative changes in longitudinal systolic function observed in our population, and 

the reduction in Em at the three-month follow-up paralleled by an increase in the E/Em ratio. This 

suggests that in these patients with MR, E/Em cannot be taken as a reflection of intrinsic LA 

pressure since E depends on how severe the volume overload is (which is amenable to changes) and 

Em reflects how healthy the subendocardial function was before surgery. These findings may also 

be in accordance with previous studies showing increased indices of LV relaxation – i.e., 

hyperdynamic LV diastolic function – in similar patients, and may reflect the poor relationship 

between E/Em and LV filling pressures in these patients, particularly those with primary MR . 
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Study II 

The findings of this study can be summarised as follows: a) in addition to the increased LV mass, 

AS was associated with reduced lateral long-axis function and reduced global LV longitudinal 

strain in the presence of normal EF; b) LA size was increased and its global longitudinal strain 

reduced; c) After AVR, LV mass regresses, lateral wall function and global longitudinal strain 

improve; d) LA size falls and its global longitudinal strain increases, which was predicted by trans-

aortic mean gradient change; e) Patients with pre-operatively increased indexed LA volume, 

indexed LV EDV, E/A and lower PALS, had an increased risk of post-operative AF. F) Global 

PALS was the strongest predictor of post-operative AF after surgery. 

Severe AS results in a catalog of disturbances in LV structure and function including wall thickness, 

myocardial fiber disarray and ischaemic subendocardium even in the absence of epicardial coronary 

artery disease. Ignored AS, eventually results in stiff LV myocardium, raised filling pressures, atrial 

arrhythmias and in some patients a fall in LV EF, which itself might influence the accuracy of 

diagnosing AS severity. Management of this condition, according to the available guidelines, is 

valve replacement in symptomatic patients or in those with LV dysfunction. Our patients fulfilled 

these criteria in being symptomatic in NYHA classes II–III and in demonstrating clear evidence for 

severe AS but in all LV EF was normal and none had restrictive filling pattern. These findings 

suggest that an additional factor must be contributing to patients' breathlessness other than the 

conventional ‗heart failure like‘ mechanisms. LV outflow tract obstruction by severe AS results in a 

pressure build-up in the LA, even in the absence of significant mitral regurgitation. This pressure is 

bound to increase further in order to maintain adequate LV filling of stiff ventricles which will 

result in LA enlargement. With the significantly thin walled LA, the long standing rise in its 

pressure increases wall stress, cavity dilatation and hence compromised myocardial function. This 

pathophysiology has been shown as a typical substrate for atrial arrhythmia in a number of other 
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clinical scenarios e.g. dilated cardiomyopathy. Indeed in our AS patients the LA was enlarged and 

its systolic function reduced before AVR and almost 40% of them developed AF during the early 

peri-operative period suggesting unstable atrial function which could compromise clinical surgical 

results as shown by the increased rate of death and hospitalization in similar patients. It has recently 

been shown that the risk of post-operative AF was increased in patients with severe pre-operative 

LA dilatation. In agreement with these data, this study shows that indexed LVM, indexed LA 

volume and global PALS were independent predictors of post-operative AF. LA volume itself 

poorly correlates with LA strain, suggesting that new parameters could be more sensitive for 

accurate detection of LA dysfunction in this setting. Furthermore, the Frank–Starling mechanism is 

also operating in the LA, so when dimensions increase, output also increases in order to maintain a 

normal stroke volume. Eventually, LA contractile function will drop when optimal Frank–Starling 

relationship is exceeded. Another potential mechanism for the LA unstable function is retrograde 

potential energy or reflected waves during systole which affect atrial myocardium. Following AVR 

and removal of LV outflow tract obstruction, the LA area and volume normalized, suggesting a 

close relationship with the mechanical consequences of the valve replacement. Furthermore, our 

statistical analysis identified trans-aortic mean gradient change as the only strong independent 

predictor of the recovery of LA size and function. These findings refute some of the traditional 

understanding that LV hypertrophy and dysfunction are the only reason behind AF in patients with 

AS. These findings, of course, do not ignore the role of LV subendocardial ischaemic dysfunction 

in the development of mitral regurgitation which itself is another contributor to the raised LA 

pressure. Irrespective of pre-operative normal EF and absent restrictive filling, symptomatic 

patients with AS have clear evidence for unstable LA function, shown by cavity enlargement and 

reduced myocardial strain, which may contribute to the development of post AVR AF. Global 

PALS, was the strongest predictor of postoperative AF after AVR. Functional markers of LV 

dysfunction used in heart failure, i.e. EF and restrictive filling are not the sole explanation of 
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breathlessness in AS with maintained LV function. The direct role of LV outflow tract obstruction 

on LA pressure build-up should be considered. Even, in mildly symptomatic patients, LA 

enlargement might be a reasonable indication for valve replacement before its dysfunction becomes 

irreversible resulting in resistant AF. Finally, LA strain seems to be a plausible tool for assessing 

such patients with potential future ability to predict those who are subject to electrical instability 

and potential development of AF. 

 

Study III 

The findings of this study can be summarised as follows: a) In patients with end-stage HF, the RV 

is significantly enlarged with reduced systolic function; and b) RV free wall LS is the best 

echocardiographic measure that correlates with the extent of myocardial fibrosis. 

RV function in the form of reduced TAPSE has been shown to correlate with exercise capacity and 

to predict survival in patients with dilated cardiomyopathy and reduced LV systolic function. In the 

current study we have confirmed these findings in a group of patients with end stage HF requiring 

HTx. This gave a unique opportunity to assess the extent of RV free wall fibrosis histologically, 

having considered > 50% of the myocardial sample as severe fibrosis and compared it with the 

pattern and extent of RV dysfunction. Among a full battery of RV structure and function 

measurements, we identified free wall LS as the best predictor of the extent of myocardial fibrosis. 

Finally, the same parameter predicted the limited exercise tolerance in these pateints. Thus, the 

reduced free wall strain, usually described as impaired intrinsic myocardial function, in fact reflects 

the severity of segmental fibrosis. Interestingly there was no similar relationship between LV 

function and the extent of its myocardial fibrosis. 

End stage myocardial adaptation process is mostly in the form of collagen formation and fibrosis, 

which when mild, disturbes organ function but when severe it may have significant systemic 
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implications. RV response to preload, afterload or primary myocardial pathology is by cavity 

enlargement, due to its remarkable thin walls compared to the left ventricle. A behaviour that results 

in significant disturbances to myocardial fibre archetecture and interstitial tissue remodeling, 

localised inflamatory processes then eventually collagen formation and fibrosis as we have shown. 

When in a small percentage, the viable segments take over the function but when severe it results in 

raised end-diastolic pressure, as was the case in our patients. Since fibrosis is irreversible, it 

explains the intractable clinical picture of our patients who needed transplantation. Furthermore, in 

patients with severe myocardial fibrosis the reduction of functional capacity (VO2) was closely 

related to the compromised myocardial performance in the form of RV free wall LS, again 

supporting the essential role of the RV longitudinal myocardial function in determining symptoms 

and prognosis of HF. Unfortunately our results are unable to ascertain the role of RV free wall LS 

in establishing the exact levels of function impairment that determine disease progression, from 

early symptom development to a need for cardiac transplantation, because of the selection bias.  

This study shows that RVLS is able to estimate RV systolic performance and to predict the extent 

of myocardial fibrosis in patients with end-stage heart failure requiring cardiac transplantation. The 

data can be useful to guide towards optimal medical therapy in HF patients, and to identify patients 

with RV dysfunction, before developing severe irreversible myocardial fibrosis. Having such 

sensitivity, RV free wall LS could be used to identify patients likely to respond to more aggressive 

medical treatment i.e. pressure offloading compared to those needing left ventricular assist device 

(LVAD) implantation. Even in the latter, RV free wall LS might stratify patients needing cardiac 

transplantation rather than a hope for recovery by LVAD.  
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Study IV 

The main findings of this study can be summarised as follows: a) Despite a normal LV EF, severe 

MR was associated with reduced global LV longitudinal and circumferential function and 

exaggerated twist angle and untwisting rate, compared with controls; b) Severe MR was also 

associated with increased LA volume and reduced LA global LS; c) Pre-operative NYHA class 

correlated strongly with PALS and EROA, modestly with LA volume, but not with LV LS; d)  LA 

volume correlated with PALS, EROA and LV EDV;  e) MVR resulted in regressed LV mass and 

reduced EF, LV global longitudinal and circumferential myocardial function, twist angle and 

untwisting rate; f) LA volume and global longitudinal strain fell, and the two were predicted by pre-

operative indexed LVM and LA volume, respectively; g) The strongest pre-operative predictors of  

post-MVR AF were increased LA volume, and reduced global PALS.  

MR is a form of volume overload on the LV and the LA and is known to affect the two cavities 

based on the Frank-Starling law, with initially increased volumes and activity, then later reduced 

myocardial systolic function. The increased LV activity is conventionally seen in the form of 

increased EF, this should not be taken as an evidence of maintained function since removal of the 

volume overload with MVR, in our patients, unmasked LV disturbances in the form of reduced EF, 

myocardial strain and strain rate, with ejection of the total stroke volume into the high impedance of 

the aorta (afterload mismatch produced by the operation). These mechanisms may explain the lack 

of symptom improvement after MVR in patients with chronic organic MR, observed in previous 

studies.  The normalised pre-operative LV EF, could therefore have contributed to the exaggerated 

myocardial twist function which may be seen as a compensatory mechanism for the compromised 

intrinsic LV dysfunction and which itself normalised after surgery. Such observation of increased 

twist before surgery is similar to what we have previously shown in patients with pressure overload 

i.e aortic stenosis which normalise after aortic valve replacement as it did in our patients after MVR 
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and also observed during exercise induced ischemia in coronary artery disease patients. Similar 

disturbances and post-operative changes were found in LA which remained with compromised 

myocardial function and somewhat increased size after removal of the volume overload. These 

finding suggest that in patients with volume overload pre-operative cavity function does not reflect 

the actual extent of myocardial dysfunction which might reflect a process of progressive fibrosis, 

myocyte myofibrillar degeneration and lipofuscin accumulation in hearts of isolated MR patients 

prior to surgery. 

Of interest was the close relationship between the pre-operative EROA and symptoms with the 

extent of compromised LA myocardial dysfunction. Such finding should not be taken lightly. While 

all studied patients demonstrated severe MR worth of operating on and correcting, it seems that they 

have various sub-severities that correlated with the extent of compromise of LA function as well as 

with symptoms. Such triad supports the importance of atrial function in explaining pre-operative 

symptoms as well post-operative occurrence of AF, as was the case in the subgroup of patients who 

developed it after surgery. STE allows non-invasive assessment of global LA function and regional 

deformation of LA myocardium; two-dimensional strain imaging also provides LA volume curves 

during one cardiac cycle, from which various LA mechanical indices can be obtained and allows a 

direct assessment of  LA contractility and passive deformation. LA strain seems to be a tool for 

assessing such patients with potential future ability to predict those who are subject to potential 

development of AF, as already demonstrated in patients with severe aortic stenosis. Thus, pre-

operative symptoms should not be evaluated only in the light of LV dysfunction, which appears to 

be masked but rather LA reduced PALS. Finally, despite successful removal of the volume overload 

with mitral valve repair, LA size and function remained abnormal. The latter finding is similar to 

what has already been documented about the left ventricle and its response to volume overload. The 

residual LA enlargement and myocardial dysfunction also supports the existing fact, that MR 

remains the important predictor of outcome in HF patients. Although MR is usually well tolerated, 
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development of symptoms in the form of breathlessness and raised NYHA class reflects worsening 

LA structure and function which might not be reversible after correction of the valve lesion. LA 

myocardial deformation measurements may thus serve as a monitoring tool. LA deformation 

measurements, usually considered as load independent are over-estimated by volume overload and, 

in fact closely correlated with the severity of MR and MVR unmasks such response. Finally, the 

worse the intrinsic LA myocardial function and the larger its volume, the more unstable is the 

cavity function after removal of the volume overload and hence the susceptibility for developing 

atrial arrhythmias.  

 

Study V 

The main findings of this study can be summarised as follows: a) Patients with end-stage HF and  

severely compromised LV EF had reduced long axis function and increased cavity mass; b) They 

had also increased LA size, reduced global PALS and moderate to severe myocardial fibrosis; c) 

LA fibrosis correlated strongly with PALS and NYHA class and modestly with VO2 max, LA 

stiffness, PAoP, E/e′ and E/A; d) Global PALS correlated modestly with VO2 max and LA volume 

and weakly with E/e′; e) There was no relationship between global LV LS and VO2 max; f) Global 

PALS was the strongest predictor of LA fibrosis and had the best diagnostic accuracy for detecting 

LA fibrosis of >50%. 

In addition to LV dilatation and poor systolic function in end stage HF, the LA was also dilated and 

its intrinsic function significantly impaired, which itself affects LV filling, systolic function and 

eventually stroke volume, even in the absence of AF. These disturbances contribute to the 

progression of asymptomatic LV dysfunction to chronic symptomatic systolic HF, as it is a 

prerequisite for the development of the pulmonary congestion and neuronhormoral instability 

commonly features advanced HF. During ventricular diastole, LA is directly exposed to LV 
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pressures through the open mitral valve. With the fall in LV compliance and rise of diastolic 

pressures, LA pressure increases to maintain adequate LV filling, which results in LA enlargement. 

The imposed pressure on LA as a result of diastolic dysfunction causes a range of adaptive and 

maladaptive processes including myocyte growth, hypertrophy, necrosis, and apoptosis; alterations 

in the composition of extracellular matrix; recalibration of energy production and expenditure; 

changes in the expression of cellular ionic channels and atrial hormones. These changes promote a 

cascade of reactions, which eventually lead to LA remodeling with structural, functional, electrical,  

metabolic, and neurohormonal consequences. Eventually, LA fibrosis develop causing function 

disturbances involving both booster pump and reservoir function which further add to the rise in 

cavity pressure and symptoms.  

Assessment of myocardial fibrosis in vivo is difficult to achieve, but can now be made using  

cardiac magnetic resonance (CMR) with late-enhancement technique which is considered the gold 

standard despite its limited availability. On the other hand the recently developed 2-dimensional 

STE has proved superior in assessing regional myocardial function, being widely available, highly 

reproducible, and easily applicable, thus potentially overcoming CMR limitations. Furthermore, 

combining STE with Doppler based cardiac function parameters, particularly filling pressures 

constitutes the corner stone for managing HF patients. Recently, global LA PALS has demonstrated 

the highest overall diagnostic accuracy in predicting raised filling pressure. Indeed our findings 

complement those in showing that LA PALS correlated closely and was the most accurate predictor 

of severity of myocardial fibrosis. Finally, such close relationship exceeded any other function 

relationship even the ones routinely used in clinical practice, E/A and E/e‘ highlighting the fact  that 

in end stage heart failure symptoms and functional class are associated with severity of LA 

myocardial fibrosis and intrinsic dysfunction. 

This study shows that LA PALS is able to estimate LA myocardial performance and to predict the 

extent of myocardial fibrosis in patients with end-stage HF requiring HTx. If confirmed in a large 



112 

 

cohort of patients, these findings may assist better stratifying patients with intractable HF who are 

on full medical therapy. Additionally, PALS of 7.6% could be used as a cut off value for identifying 

patients with severe LA fibrosis which could explain worsening symptoms and irreversible LA 

myocardial and function damage and that correlate with NYHA and limited exercise capacity.  

 

 

 

Limitations 

Study I 

Our study has limited patient‘s number, despite being a homogenous population, and the post-

operative follow-up is relatively short. Our study also did not take into account some clinical 

parameters such as the development of postoperative AF and pre/post-operative NYHA class, that 

would bring more clinical impact to our paper. 

 

Study II 

We did not have direct measurements of LA pressure but relied on the revalidated non-invasive 

markers of raised LA pressure and the tight definition of restrictive LV filling pattern diagnosed by 

Doppler. Our data interpretation and the highlight of severity of AS as a predictor of recovery of LA 

size and function is based on the statistical analysis. This, of course, does not completely ignore the 

additional role of subendocardial LV dysfunction which affects MAPSE and potentially LA 
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mechanical function, shown by global LA strain measurements.  Although our studied group is 

modest in size, the consistency of the findings justifies the conclusion. 

 

Study III 

The measurements of global and free wall RVLS depend on adequate 2D apical views to permit an 

easy delineation of RV endocardial border, and to permit the visualization of the entire RV free 

wall. Despite these limitations, the RV STE analysis was performed in all patients with good 

reproducibility. Our study has limited patient‘s number, despite being a homogenous population. 

Eleven patients (41 %) had CRT and RV leads, while this could affect RV systolic and diastolic 

time relations, it is unlikely to alter intrinsic myocardial function. This claim is supported by 

previous studies showing that RV apical pacing did not affect RV systolic function, despite 

induction of electromechanical dyssynchrony. Finally, our results can not propose a cut off value 

for RVLS since absolute measurements may be vendor dependent. 

 

Study IV 

The main limitation of this study is the modest number of patients with two different pathological 

causes for MR, although all had significant volume overload requiring valve repair. We are not sure 

about the long term recovery of the LA and LV myocardial function, since the study design was 

only for 3 months follow up period after MVR. Despite the strong relationship we found between 

severity of MR, symptoms and LA myocardial dysfunction, LV systolic measurements remain of 

simple and reproducible value in assessing irreversible myocardial dysfunction, that requires 

intervention, this needs to be reassessed in a large cohort.  
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Study V 

LA PALS measurements require experience and clear delineation of the LA myocardial border and 

it depends on adequate 2D apical views. Despite this, the STE analysis was performed in all patients 

with satisfactory reproducibility. The small number of studied patients limits applying the findings 

broadly before revalidating them in a large cohort. We did not have CMR data to compare with but 

the strength of this study is that we had the chance of comparing LA function directly with 

histopathological findings.  

 

 

 

 

 

Conclusions 

 

 
This thesis suggests that: 

1) This study suggests that assessment of LV long axis systolic velocity and amplitude of 

excursion by echocardiography is more sensitive than simple determination of EF for 

revealing the beneficial impact of MR surgery on overall systolic performance. 

Measurement of preoperative diastolic indices may predict postoperative changes in LV 

systolic function. 
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2) Severe symptomatic AS is associated with LA enlargement and compromised mechanical 

function with a high incidence of peri-operative AF. Valve replacement reverses these 

abnormalities and regains normal atrial function, a behaviour which is directly related to the 

severity of pre-operative LV outflow tract obstruction. Early identification of LA size and 

functional disturbances, as shown by myocardial strain measurements might contribute to 

better patient‘s recruitment for a safe valve replacement.     

 

 

3) In late stage HF patients, the right ventricle is enlarged, with reduced systolic function due 

to significant myocardial fibrosis. RV free wall myocardial deformation is  the most 

accurate functional measure that correlates with the extent of RV myocardial fibrosis and 

functional capacity.   

 

4) In patients with preserved EF, severe MR masks LV and LA myocardial dysfunction and 

correlates with symptoms and post-operative cavity function instability. Three months after 

MVR, the underlying myocardial disturbances are unmasked suggesting that most pre-

operative measurements are subject to loading conditions. Finally LA volume and PALS 

remain the main predictors of post-operative AF, thus should be used for stratifying surgical 

risk.  

 

5) Although developed originally for the assessment of LV function, STE has been shown to 

accurately determine the severity of impairment of LA myocardial function shown by 

suppressed PALS which was the strongest predictor of the presence and extent of fibrosis, 

over and above other structure and function parameters. These findings may assist in better 

stratifying patients with end stage HF and identifying particularly those requiring HTx. 
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