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Abstract

Background: In mitral stenosis (MS), the combination of an increase 
in left atrium (LA) pressure and atrial inflammatory response is ac-
companied by increase in interstitial fibrosis of the atrial wall with 
disorganization of atrial muscle bundles, LA dysfunction and subse-
quently LA dilatation. We aimed to assess the effect of severe rheu-
matic MS on LA volumes and mechanics.

Methods: We enrolled 40 patients with pure severe rheumatic MS 
and sinus rhythm as a patient group and 30 healthy subjects as a con-
trol group. All patient and control groups underwent two-dimensional 
(2D) transthoracic echo to measure left ventricle (LV) dimensions, 
function, LA deformations, estimated systolic pulmonary artery pres-
sure (EPAP), and left ventricle global longitudinal strain (LV GLS). 
Also LA volumes and mechanics (LA strain during LV systole (res-
ervoir function) and LV diastole (early = conduit, and late = booster 
pump = atrial contraction)) were measured by three-dimensional 
(3D) transthoracic echo; mitral valve (MV) area was measured by 
3D transesophageal echo (as routine pre-percutaneous MV commis-
surotomy using multiplanar reconstruction in mid-esophageal apical 
long-axis view from LA prospective).

Results: By 2D transthoracic echo, patient group revealed signifi-
cantly lower all LA function vs. control group including LA strain 
during reservoir (24 ± 6 vs. 43 ± 3, P < 0.001), LA strain during con-
duit (-11 ± 3 vs. -25 ± 2, P < 0.001), and during booster pump (-13 
± 4 vs. -18 ± 1, P < 0.001). EPAP was significantly higher in patient 
group (48 ± 7 vs. 27 ± 4 in control group). LV GLS was significantly 
lower in patient group (-16±2% vs. -23±2% in control group). All 3D 
LA volumes were significantly higher in patient group than control 
group including maximum LA volume (LAVmax) (76 ± 18 vs. 50 ± 

5, P < 0.001), indexed LA volume (LAVi) (44.6 ± 10.1 vs. 28.7 ± 3.7, 
P < 0.001), LV minimum volume (LAVmin) (51 ± 15 vs. 30 ± 4, P < 
0.001), and LA volume pre atrial contraction (LAVpre A) (63 ± 15 vs. 
41 ± 6, P < 0.001). Also, there was significantly decreased LA strain 
using 3D speckle tracking echo in patient group including systolic 
deformation of LA (reservoir function) (23 ± 6 vs. 41 ± 3, P < 0.001) 
and diastolic deformation, early diastole (conduit function) (-10 ± 2 
vs. -24 ± 2, P < 0.001), and late diastole (booster pump function) (-13 
± 4 vs. -18 ± 1, P < 0.001).

Conclusions: All LA function markedly reduced in pure severe 
rheumatic MS. The reduction of LA mechanics is directly related 
to the degree of reduction of the stenotic MV area. LV GLS signifi-
cantly reduced in severe MS and its reduction is directly related to 
the degree of reduction of the stenotic MV area and the LAVi by 
3D echo.

Keywords: Left atrial strain; 2D and 3D speckle tracking echocardi-
ography; Mitral stenosis

Introduction

Left atrium (LA) has three components of function: 1) During 
left ventricle (LV) systole, the LA acts as a reservoir, allowing 
the blood to be collected proximal to the closed mitral valve; 2) 
During early LV diastole, the LA has conduit function and re-
sults in its shortening; 3) During late diastole, the LA acts as a 
booster pump [1]. Given its important role, changes in LA size 
or function have been associated with adverse cardiovascular 
outcomes. For example, enlargement of the LA is associated 
with a higher incidence of atrial fibrillation (AF) and stroke 
[2]. Rheumatic heart disease (RHD) is a major health problem 
in developing countries and leads to significant comorbidities. 
In mitral stenosis (MS), the combination of an increase in LA 
pressure and an intense atrial inflammatory response second-
ary to the underlying rheumatic carditis is accompanied by a 
progressive increase in interstitial fibrosis of the atrial wall 
with disorganization of atrial muscle bundles, LA dysfunction, 
and subsequently LA dilatation [3]. Three-dimensional (3D) 
echocardiography is more accurate than conventional two-
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dimensional (2D) echocardiography in the assessment of LA 
volumes, as 3D echocardiography avoids errors in measuring 
left atrial volumes by 2D echo such as geometrical assump-
tions of left atrial shape and foreshortening in the 2D views 
[4]. In our study, we aimed to assess the effect of severe rheu-
matic MS on LA volumes (using 3D echo) and LA mechanics 
(using 2D and 3D echo).

Materials and Methods

Study design and populations

This study included 40 patients (patient group) and 30 healthy 
subjects (control group): all control group had no chronic ill-
ness and their age was less than 40; all patients had severe 
rheumatic MS referred to do pre-percutaneous mitral val-
vuloplasty echo-Doppler assessment. They were examined 
in a single center (Islamic Center of Cardiology, Al-Azhar 
University, Egypt). This study was ethically approved by Al-
Azhar University's Research Ethics Committee (2022071413, 
09/08/2022). Written informed consents from all the partici-
pants were obtained. The study protocol conformed to the Hel-
sinki Declaration, the ethical norm of the World Medical As-
sociation for human testing.

From 117 examined patients favorable for percutane-
ous balloon dilatation, we included in this study only 40 pa-
tients; those were symptomatic (New York Heart Associa-
tion (NYHA) classification III), severe MS (mitral valve area 
(MVA) less than 1.5 cm2) and had sinus rhythm.

We excluded patients with: 1) poor echo window; 2) sig-
nificant aortic valve disease (more than mild aortic stenosis 
(AS) or aortic regurgitation (AR)); 3) more than mild mitral 
regurgitation (MR); 4) LA or left atrial appendage (LAA) 
thrombus; 5) echocardiographic evidence of other cardiac 
diseases such as ischemic, pericardial, or congenital heart dis-
ease; 6) AF or other arrhythmia; and 7) organic tricuspid valve 
disease.

All patient and control groups were subjected to the fol-
lowing measures: full history taking to assess severity of 
symptoms and medication used, full clinical examination, rest-
ing 12-lead electrocardiogram (ECG).

Transthoracic echo-Doppler scan

The examination was done using a 2.5 multi-frequency 1.7 - 4 
MHz transducer (GE Vivid 95 ultrasound machine) and the 
off-line analysis of the 2D and 3D speckle tracking echocar-
diography (STE) was done using GE Echo pack 204 software. 
The following data were obtained: 1) Using 2D-guided M-
mode to assess LV end-systolic and end-diastolic dimensions 
(mm2), LV ejection fraction (EF) (%), fractional shortening 
(%), interventricular septum end-diastolic diameter (mm), 
LV posterior wall end-diastolic diameter (mm) and left atrial 
dimension (mm); 2) Using 2D echo for the measurement of 
MVA by planimetry in short-axis view at the level of mitral 
valve and measurement of LVEF by biplane method from 

apical four-chamber and apical two-chamber views; 3) Us-
ing conventional pulsed wave Doppler to assess mitral E and 
A wave velocities (cm/s), E/A ratio; 4) Using conventional 
continuous wave Doppler to assess presence or absence of 
MR and its degree, and by Bernoulli equation from tricus-
pid regurgitation (TR) velocity to measure estimated systolic 
pulmonary artery pressure (EPAP) (mm Hg); 5) Using tissue 
Doppler imaging to assess S wave velocity, Ea wave velocity, 
Aa wave velocity and E/Ea ratio.

2D speckle tracking

For the assessment of LV longitudinal strain, three LV api-
cal views, apical four-chamber, two-chamber, and long-ax-
is views were acquired at high frame rates (range: 59 - 82 
frame/s; mean: 72 ± 6 frame/s). In each plane, three consecu-
tive cardiac cycles were acquired during a breath hold and 
digitally stored in a hard disk for off-line analysis. In order to 
measure the timing of cardiac events, LV inflow and outflow 
velocities were recorded using pulsed-wave Doppler echocar-
diography.

Also, we used 2D speckle tracking for the assessment of 
LA strain. Apical four-chamber and two-chamber were ac-
quired at high frame rates (range: 59 - 82 frame/s; mean: 72 
± 6 frame/s), and from it we calculated biplane LA strain in 
reservoir, conduit, and contraction stages.

3D transthoracic echocardiography (TTE)

Using 3D TTE, apical four-chamber view was acquired at high 
frame rates (range: more than 25 frame/s, using multi-beat 
modality to increase frame rate while the patient catches his 
breath at the end of expiration) and digitally stored in a hard 
disk for off-line analysis. We measured LV volumes (maxi-
mum, indexed, minimum and pre A LA volumes), LAEF and 
LA strain in reservoir, conduit and contraction function.

We measured MVA by 3D transesophageal echocardiogra-
phy (TEE) (as routine pre-percutaneous mitral valve commis-
surotomy using multiplanar reconstruction in mid-esophageal 
apical long-axis view from LA prospective to measure MVA 
(Fig. 1) in the study group data).

Statistical methods

Data management and statistical analysis were done using 
SPSS version 28 (IBM, Armonk, New York, United States). 
Quantitative data were assessed for normality using the Shap-
iro-Wilk test and direct data visualization methods. Quantita-
tive data were summarized as means and standard deviations. 
Categorical data were summarized as numbers and percent-
ages. Quantitative data were compared between the studied 
groups using independent t-test. Categorical data were com-
pared using the Chi-square test. Agreement between 2D and 
3D parameters was assessed using intraclass correlation coef-
ficient (ICC). Correlation analyses were done using Pearson’s 
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correlation. All statistical tests were two-sided. P values less 
than 0.05 were considered significant.

Results

General characteristics

The age was significantly higher in the patient group (35 ± 7 
years) than in the control group (28 ± 5) (P < 0.001), because 
we enrolled in control group young healthy individuals free 
of any risk factors that may affect LA mechanics. No signifi-
cant differences were observed regarding sex (P = 0.369), body 
mass index (BMI) (P = 0.379), and body surface area (BSA) (P 
= 0.130) as shown in Table 1.

LA volumes and EF by 3D echocardiography

The patient group showed significantly higher LA maximum 
volume (V max) (76 ± 18 vs. 50 ± 5, P < 0.001), indexed LA 
volume (LAVi) (44.6 ± 10.1 vs. 28.7 ± 3.7, P < 0.001), LA 
minimum volume (V min) (51 ± 15 vs. 30 ± 4, P < 0.001), LA 
pre atrial contraction volume (V pre A) (63 ± 15 vs. 41 ± 6, P 
< 0.001) than control group and revealed significantly lower 
total LAEF (38 ± 7 vs. 45 ± 4, P < 0.001) as shown in Figure 
2 and Table 2.

Regarding LA mechanics using 3D STE and 2D STE

Using 3D STE, there were significantly decreased systolic de-
formation of LA (reservoir function) LAS-r (23 ± 6 vs. 41 ± 3, 
P < 0.001) and diastolic deformation (early diastole; conduit 
function) LAS-cd (-10 ± 2 vs. -24 ± 2, P < 0.001), and (late 
diastole; booster pump function) LAS-ct (-13 ± 4 vs. -18 ± 
1, P < 0.001) in patient group vs. control group as shown in 
Table 2.

Also using 2D speckle tracking imaging, the patient 
group revealed significantly lower peak left atrial strain dur-
ing reservoir (pLASr) (24 ± 6 vs. 43 ± 3, P < 0.001), peak 
left atrial strain during conduit (pLAS-cd) (-11 ± 3 vs. -25 ± 

Table 1.  General Characteristics of the Studied Groups

Cases (n = 40) Controls (n = 30) P value

Age (years) 35 ± 7 28 ± 5 < 0.001*

Sex

  Males 17 (42.5) 16 (53.3) 0.369

  Females 23 (57.5) 14 (46.7)

BMI 26.9 ± 1.6 27.2 ± 1 0.379

BSA 1.7 ± 0.1 1.8 ± 0.1 0.130

*Significant. Data are presented as mean ± SD or number (percentage). 
BMI: body mass index; BSA: body surface area; SD: standard deviation.

Figure 1. Measurement of MVA using multiplanar reconstruction by 3D TEE. MVA: mitral valve area; 3D: three-dimensional; TEE: 
transesophageal echocardiography.
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2, P < 0.001), and pLAS-ct (-13 ± 4 vs. -18 ± 1, P < 0.001) 
than control group as shown in Table 2. Also using 2D STE, 
the left ventricle global longitudinal strain (LV GLS) was sig-
nificantly reduced in patient group (-16±2% vs. -23±2% in 
control group) instead of apparently normal EF in both groups 
shown in Table 2.

EPAP

There was significant elevation of EPAP in patient group (48 ± 
7 vs. 27 ± 4 in control group) as also shown in Table 2.

Agreement between 2D STE and 3D STE

There were good agreements between 2D and 3D LAS-r 
(ICC = 0.835, 95% confidence interval (CI) = 0.7 - 0.911) 
and LASR-ct (ICC = 0.862, 95% CI = 0.752 - 0.925), while a 
moderate agreement was reported regarding LASR-cd (ICC = 
0.688, 95% CI = 0.477 - 0.823) as shown in Table 3.

Table 3.  Agreement Between 2D and 3D Strain in the Studied 
Patients

ICC (95% CI)
LASr 0.835 (0.7 - 0.911)
LASR-cd 0.688 (0.477 - 0.823)
LASR-ct 0.862 (0.752 - 0.925)

2D: two-dimensional; 3D: three-dimensional; LASr: LA strain at reser-
voir; LAS-cd: LA strain at conduit; LAS-ct: LA strain during contraction; 
ICC: intraclass correlation coefficient; CI: confidence interval.

Figure 2. Increased LA volumes and decreased LA mechanics and EF% using 3D echo. LA: left atrium; 3D: three-dimensional; 
EF: ejection fraction.

Table 2.  2D and 3D Left Atrial Parameters in the Patient Group

Cases (n = 40) Controls (n = 30) P value
3D parameters
  V max 76 ± 18 50 ± 5 < 0.001*
  LAVi 44.6 ± 10.1 28.7 ± 3.7 < 0.001*
  V min 51 ± 15 30 ± 4 < 0.001*
  V pre A 63 ± 15 41 ± 6 < 0.001*
  Total LAEF 38 ± 7 45 ± 4 < 0.001*
  LASr 23 ± 6 41 ± 3 < 0.001*
  LAS-cd -10 ± 2 -24 ± 2 < 0.001*
  LAS-ct -13 ± 4 -18 ± 1 < 0.001*
2D parameters
  pLASR-r 24 ± 6 43 ± 3 < 0.001*
  pLASR-cd -11 ± 3 -25 ± 2 < 0.001*
  pLASR-ct -13 ± 4 -18 ± 1 < 0.001*
  PAP 48 ± 7 27 ± 4 < 0.001*
  EF 61.7 ± 5.51 64.77 ± 3.78 0.011*
  E/e’ 22.5 ± 5.16 8.05 ± 0.98 < 0.001*
  LV GLS% -16 ± 2 -23 ± 2 < 0.001*

*Significant. Data are presented as mean ± SD. 2D: two-dimensional; 
3D: three-dimensional; V max: maximum LA volume; LAVi: indexed LA 
volume; V min: minimum LA volume; V pre A: LA volume pre atrial 
contraction; LAEF: left atrium ejection fraction; LASr: LA strain at res-
ervoir; LAS-cd: LA strain at conduit; LAS-ct: LA strain during contrac-
tion; pLASRr: peak LA strain in reservoir; pLASR-cd: peak LA strain at 
conduit; pLASR-ct: peak LA strain during contraction; PAP: pulmonary 
artery pressure; EF: ejection fraction; LV GLS: left ventricular global 
longitudinal strain; SD: standard deviation.
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Correlation between 3D MVA and other 3D echo param-
eters

Significant positive correlations were reported between 3D 
MVA and 3D LAS-r (r = 0.475, P = 0.002), 3D LAS-cd (r = 
0.495, P = 0.001), and 3D LAS-ct (r = 0.395, P = 0.012). In 
contrast, 3D MVA was significantly negatively correlated with 
3D LAVi (r = -0.354, P = 0.025) as shown in Table 4.

Correlation between 2D MVA and other 2D echo param-
eters

2D MVA revealed significantly positive correlation with 2D 
peak LA strain in reservoir (pLASR-r) (r = 0.425, P value = 
0.006) and 2D peak LA strain at conduit (pLASR-cd) (r = 
0.490, P value = 0.001), while it did not show significant cor-
relation with 2D peak LA strain during contraction (pLASR-
ct) (P value = 0.009) as shown in Table 5.

Correlation between EPAP and other 3D echo parameters

EPAP showed significant negative correlations with 3D MVA 
(r = -0.849, P < 0.001) and 3D LAS-cd (r = -0.374, P = 0.017). 
In contrast, it did not reveal any significant correlation with 3D 
LAVi (P = 0.084), 3D LAS-r (P = 0.065), and 3D LAS-ct (P = 
0.184) as shown in Figure 3.

Correlation between LV GLS and 3D MVA and LAVi

LV GLS showed significant positive correlations with 3D 
MVA (r = 0.433, P = 0.005) and a significant negative correla-
tion with 3D LAVi (r = -0.509, P < 0.001) as shown in Table 6.

Discussion

LA has three components of function: 1) During LV systole, 

Table 4.  Correlation Between 3D MVA and Other 3D Echo 
Parameters

3D parameters 3D MVA

r P

LAVi -0.354 0.025*

LASr 0.475 0.002*

LAS-cd 0.495 0.001*

LAS-ct 0.392 0.012*

*Significant. R: Correlation coefficient. 2D: two-dimensional; 3D: three-
dimensional; LASr: left atrial strain during reservoir; LAS-cd: left atrial 
strain during conduit; LAS-ct: left atrial strain during contraction; MVA: 
mitral valve area.

Table 5.  Correlation Between 2D MVA and Other 2D Param-
eters in the Patient Group

2D parameters
2D MVA

r P
pLASr 0.425 0.006*
pLAS-cd 0.490 0.001*
pLAS-ct 0.268 0.094*

*Significant. R: correlation coefficient. 2D: two-dimensional; 3D: three-
dimensional; MVA: mitral valve area; pLASr: peak left atrial strain dur-
ing reservoir; pLAS-cd: peak left atrial strain during conduit; pLAS-ct: 
peak left atrial strain during contraction.

Table 6.  Correlation Between LV GLS and 3D MVA and LAVi 
in the Patient Group

3D parameters
LV GLS

r P
MVA 0.433 0.005*
LAVi -0.509 < 0.001*

*Significant. r: correlation coefficient. 2D: two-dimensional; 3D: three-
dimensional; MVA: mitral valve area; LAVi: indexed LA volume; LA: left 
atrium; LV GLS: left ventricle global longitudinal strain.

Figure 3. Correlation between EPAP and (a) 3D MVA, (b) 3D LAS-cd. 
EPAP: estimated systolic pulmonary artery pressure; 3D: three-dimen-
sional; PAP: pulmonary artery pressure; MVA: mitral valve area; LAS-
cd: left atrial strain during conduit.
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the LA acts as a reservoir, allowing the blood to be collected 
proximal to the closed mitral valve; 2) During early LV diasto-
le, the LA has conduit function and results in its shortening; 3) 
During late diastole, the LA acts as a booster pump [1]. Given 
its important role, changes in LA size or function have been as-
sociated with adverse cardiovascular outcomes. For example, 
enlargement of the LA is associated with a higher incidence of 
AF and stroke [2].

RHD is a major health problem in developing countries 
and leads to significant comorbidities. In case of MS, the com-
bination of an increase in LA pressure and an intense atrial 
inflammatory response secondary to the underlying rheumatic 
carditis is accompanied by a progressive increase in interstitial 
fibrosis of the atrial wall with disorganization of atrial mus-
cle bundles, LA dysfunction, and subsequently LA dilatation 
[3]. 3D echocardiography is more accurate than conventional 
2D echocardiography in the assessment of LA volumes, as 3D 
echocardiography avoids errors in measuring left atrial vol-
umes by 2D echo such as geometrical assumptions of left atrial 
shape and foreshortening of the 2D views [4].

In our study there were markedly increased all LA vol-
umes in patient group, as the narrowing of the mitral valve 
orifice restricts the blood flow through the valve and increases 
the pressure gradient between the LA and the LV. This results 
in the increase of left atrial pressure and stretch of its myocar-
dium, which leads to LA dilatation and its volumes increasing. 
Also, in rheumatic MS the inflammatory process of rheumatic 
carditis leads to replacement of healthy myocardium by fi-
brous tissue, which is another mechanism of LA dilatation and 
increases its volumes. These results were concordant with the 
study by Moise et al, who concluded that in non-significant 
MS there were increased LA dimensions and volumes in all 
cases group [5]. In our study the indexed LA volume shows 
significant increase (44.6 ± 10.1) in patient group, the indexed 
LA volume had a prognostic value, and is associated with in-
creased mortality as concluded by Yedidya et al [6].

In our study there was a significant negative correlation 
between MVA (measured by multiplanar reconstruction using 
3D TEE) and LAVi. This conclusion was discordant with what 
was proved by the study of Iqbal et al [7], which showed no 
significant correlation between MVA and LA size. This may be 
due to that in his study group 46% of patients had AF that was 
associated with more myocardial affection, and also he used 
2D-guided M-mode modality to measure LA size, but in our 
study we use 3D volumetric method to measure LA size.

LA deformations either during LV systole (reservoir 
function) or LV diastole (conduit and contraction functions) 
by 3D echo were significantly reduced, and this may be due 
to the presence of forward LA outflow obstruction by sten-
otic mitral valve orifice, or as a sequel of prior rheumatic 
carditis. This reduction in LA deformation by 3D STE shows 
a good agreement when measured by 2D STE, and these 
results were concordant with the study of Ranien et al [8], 
which concluded reduction in LA function by 2D STE in 
rheumatic MS.

In severe MS, the elevated left atrial pressure passively 
elevates pulmonary venous and pulmonary capillary pressures 
and causes symptoms of pulmonary congestion reflex pulmo-
nary arteriolar constriction, obliterative changes in pulmonary 

vascular bed and development of pulmonary artery hyperten-
sion (PAH) [9]. Bernoulli equation was used to measure esti-
mated PAP, and this equation showed good correlation with 
the right heart catheterization measurements in assessment of 
pulmonary artery pressure in MS as concluded by Sohrabi et al 
[10]. We found significantly elevated EPAP in patient group, 
and as our patients had severe MS, elevated LA pressure and 
decreased LA compliance.

There were significant negative correlations between el-
evated EPAP and 3D MVA and also with late diastolic LA de-
formation (booster pump function) by 3D STE. These results 
was concordant with the results of Neema et al [11], who found 
the elevated PAP in MS is directly related to mitral valve ori-
fice, LA compliance, LA pressure and pulmonary venous com-
pliance [11].

LVEF was normal in patient group when measured by 
both M-mode and by biplane method; however it was signifi-
cantly higher by M-mode method, in contrast to LV GLS that 
shows significant reduction in patient group. This is because 
LVEF only reflects volume changes between the end-diastole 
and end-systole phase and does not assess the myocardial me-
chanic. Therefore, LVEF has limitations in assessing cardiac 
function in abnormal hemodynamic conditions as concluded 
by Purwowiyoto et al [12]. Also, we found significant posi-
tive correlation between LV GLS and 3D MVA and significant 
negative correlation between LV GLS and LAVi, and these re-
sults were concordant with the results of Gerede et al, who 
concluded meaningful correlation between the change in MVA 
and LV GLS [13].

Limitation

Sample size of the study group was small, because we exclud-
ed a large number of patients who had AF or had significant 
affection of other cardiac valves.

Conclusions

3D speckle tracking echo is a feasible method for the assess-
ment of LA mechanics in patients with rheumatic MS. All LA 
function markedly reduced in pure severe rheumatic MS. The 
reduction of LA mechanics is directly related to the degree of 
reduction of the stenotic MVA. LV GLS significantly reduced 
in severe MS and its reduction is directly related to the degree 
of reduction of the stenotic MVA and the indexed LA volume 
by 3D echo.
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