JACC: CARDIOVASCULAR IMAGING

VOL. 7, NO. 5, 2014

ª 2014 BY THE AMERICAN COLLEGE OF CARDIOLOGY FOUNDATION
PUBLISHED BY ELSEVIER INC.

ISSN 1936-878X/$36.00
http://dx.doi.org/10.1016/j.jcmg.2014.01.013

Role of LA Shape in Predicting Embolic
Cerebrovascular Events in Mitral Stenosis
Mechanistic Insights From 3D Echocardiography
Maria Carmo P. Nunes, MD, PHD,*y Mark D. Handschumacher, BS,y
Robert A. Levine, MD,y Marcia M. Barbosa, MD, PHD,* Vinicius T. Carvalho, MD,*
William A. Esteves, MD,* Xin Zeng, MD, PHD,y J. Luis Guerrero, BS,z Hui Zheng, PHD,x
Timothy C. Tan, MD, PHD,y Judy Hung, MDy
Belo Horizonte, Brazil; and Boston, Massachusetts

O B J E C T I V E S This study was designed to assess the role of left atrial (LA) shape in predicting
embolic cerebrovascular events (ECE) in patients with mitral stenosis (MS).
B A C K G R O U N D Patients with rheumatic MS are at increased risk for ECE. LA remodeling in response
to MS involves not only chamber dilation but also changes in the shape. We hypothesized that a more

spherical LA shape may be associated with increased embolic events due to predisposition to thrombus
formation or to atrial arrhythmias compared with an elliptical-shaped LA of comparable volume.
M E T H O D S A total of 212 patients with MS and 20 control subjects were enrolled. LA volume, LA emptying
fraction, and cross-sectional area were measured by 3-dimensional (3D) transthoracic echocardiography. LA
shape was expressed as the ratio of measured LA end-systolic volume to hypothetical sphere volume ([4/
3p r3] where r was obtained from 3D cross-sectional area). The lower the LA shape index, the more spherical

the shape.
R E S U LT S

A total of 41 patients presented with ECE at the time of enrollment or during follow-up. On

multivariate analysis, LA 3D emptying fraction (adjusted odds ratio [OR]: 0.96; 95% conﬁdence interval
[CI]: 0.92 to 0.99; p ¼ 0.028) and LA shape index (OR: 0.73; 95% CI: 0.61 to 0.87; p < 0.001) emerged
as important factors associated with ECE, after adjustment for age and anticoagulation therapy. In
patients in sinus rhythm, LA shape index remained associated with ECE (OR: 0.79; 95% CI: 0.67 to 0.94;
p ¼ 0.007), independent of age and LA function. An in vitro phantom atrial model demonstrated
more stagnant ﬂow proﬁles in spherical compared with ellipsoidal chamber.
CONCLUSIONS

In rheumatic MS patients, differential LA remodeling affects ECE risk. A more spherical LA shape was independently associated with an increased risk for ECE, adding incremental value in
predicting events beyond that provided by age and LA function. (J Am Coll Cardiol Img 2014;7:453–61)
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P

atients with rheumatic mitral stenosis (MS)
are at increased risk for embolic events.
Systemic embolization occurs in 10% to 20%
of MS patients, with 75% of cases manifesting as cerebral embolism (1–3). Various factors
are related to an increased risk for embolization,
including age, atrial ﬁbrillation (AF), and left atrial
enlargement (4–8). Embolic events do not appear to
be related to the severity of MS, and they can be the
ﬁrst clinical manifestations of the disease (1,2).
Additionally, systemic embolism is also known to
occur in patients in sinus rhythm (5–9).
Rheumatic MS causes chronic pressure overload
on the left atrium (LA), which leads to a range of
adaptive processes, including LA structural remodeling (10). LA remodeling involves changes not only
in atrial size and function but also in the shape of
the chamber. Although LA enlargement by itself
contributes to an increased risk for thrombus formation (4,7,8,11), the inﬂuence of the LA
anatomic shape on blood ﬂow pattern and
ABBREVIATIONS
consequently risk for embolic events has
AND ACRONYMS
not been well deﬁned.
2D = 2-dimensional
Three-dimensional (3D) echocardiog3D = 3-dimensional
raphy allows for the assessment of global
AF = atrial ﬁbrillation
LA shape (12) and standardized direct
CSA = cross-sectional area
volume and area measurements of the LA
ECE = embolic cerebrovascular
without geometric assumptions (13), with
event(s)
superior accuracy compared with convenLA = left atrium/atrial
tional echocardiography, especially for an
LAEF = left atrial emptying
enlarged LA (14). The assessment of LA
fraction
shape by 3D echocardiography may proLV = left ventricular
vide insights into the mechanism that
MS = mitral stenosis
determines blood stasis, which predisposes
to embolic events in the setting of MS.
We hypothesized that differential LA remodeling
in response to chronic pressure overload contributes
to the risk for embolic events. Speciﬁcally, a
spherical-shaped LA is predisposed to thrombus
due to greater stagnant blood ﬂow or to atrial
arrhythmias compared with an elliptical-shaped LA
of comparable volume. The aim of this study was to
assess the role of LA anatomic shape in predicting
embolic cerebrovascular events (ECE) in patients
with rheumatic MS.
METHODS
Study population. The study prospectively enrolled

212 consecutive patients with mild to severe rheumatic MS referred to a tertiary care center (Hospital
das Clinicas, Federal University of Minas Gerais,
Belo Horizonte, Brazil) from 2009 to 2012. Patients
with moderate or greater mitral regurgitation;
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signiﬁcant aortic valve disease; and/or associated
systemic diseases that are predictors of ischemic
cerebrovascular events, including hypertension and
diabetes, were excluded. Transesophageal echocardiography was performed in all patients with AF or
with previous embolic events to exclude LA and LA
appendage thrombus (n ¼ 73). The presence of LA
or LA appendage thrombus was also an exclusion
criteria.
Written informed consent was obtained from all
patients, and the study was approved by the institutional clinical research and ethics committee.
Outcome assessment. The outcome of this study
was deﬁned as the ﬁrst ECE, including stroke or
transient ischemic attack, suspected to be of
thromboembolic origin from cardiac source before
enrollment into the study or during the follow-up.
Transient ischemic attack was deﬁned as an acute
neurological deﬁcit of presumed vascular origin
lasting <24 h. Stroke was deﬁned as an acute
neurological deﬁcit of presumed vascular origin
lasting >24 h, or the presence of brain infarction on
neuroimaging (15).
Patients were clinically managed on the basis of
the American College of Cardiology/American
Heart Association 2008 guidelines (16). According
to these guidelines, anticoagulation was indicated in
patients with MS and AF, or with a prior embolic
event.
Twenty healthy subjects with similar sex and age
distribution as the cases, and normal standard
echocardiograms with good-quality images, were
selected as controls.
Echocardiographic evaluation. Transthoracic 2dimensional (2D) echocardiography was performed
according to the recommendations of the American
Society of Echocardiography (17). All measurements were performed by a single investigator,
blinded to clinical data.
Left atrial volume (LAV) by 2D echocardiography was determined using the modiﬁed Simpson
rule at end-systole (17). LA linear dimensions were
measured in 3 planes: anteroposterior, lateral, and
superoinferior at end-systole. A 2D sphericity index
was calculated as the ratio between the superoinferior and mediolateral diameters.
Assessment of LAVs by 3D echocardiography.

Real-time 3D echocardiography was collected in
full-volume mode from 4 heartbeats of breathholding in expiration.
LAV was measured using customized software
(Omni4D, Inc., Beverly Hills, California) (18). LA
endocardial borders of the LA on 3D images were
traced on 4 equiangular image planes (0 , 45 , 90 ,

JACC: CARDIOVASCULAR IMAGING, VOL. 7, NO. 5, 2014
MAY 2014:453–61

Nunes et al.
LA Shape and Embolic Events in Mitral Stenosis

and 135 ) intersecting a reference axis from the LA
center to the mitral annular center (approximating
the direction of blood ﬂow in the LA) (Fig. 1A). A
3D endocardial surface of the LA was formed using
an automated algorithm ﬁtting polygonal mesh to
traced borders (Figs. 1B and 2). This 3D reconstruction of the left atrium allows it to be visualized
from a number of different views (Online Video 1).
The maximal LAV was measured at end-systole,
just before mitral valve opening and the minimum
volume at end diastole, before mitral valve closure.
LAVs were indexed to body surface area. LA
emptying fraction (LAEF) to assess LA function
was expressed as: LAEF (%) ¼ 100 $ [(LAVmax –
LAVmin)/LAVmax] (19–21).
Measures of LA cross-sectional area and shape by 3D
echocardiography. LA cross-sectional area (CSA)

at the mid-atrial level was obtained by adjusting a
cross-sectional image plane perpendicular to the
reference axis to the midpoint using 3D guidance,
tracing the endocardial border and computing the
3D area (Fig. 3). LA CSA was divided by body
surface area to normalize for body size.
The shape of the LA (LA shape index) was
expressed as the ratio of the LA end-systolic volume
to a calculated atrial volume from the mid-atrial
CSA (assuming that the atrium is completely
spherical). This hypothetical volume was derived
from the formula for the volume of a sphere
(volume ¼ 4/3p r3), where r was obtained from the
mid-atrial CSA. Compared with the normally
elongated ellipsoidal LA, a more spherically-shaped
LA corresponded to a lower LA shape ratio index
(Figs. 3 and 4).
Phantom model. To explore whether differences in
chamber shape results in variations in ﬂow velocities
that might inﬂuence thrombus formation, ﬂowvelocity proﬁles were measured across the mid-plane
of a spherical versus an ellipsoidal polyethylene
model with constant longitudinal ﬂow rate and CSA of
7 cm2. Flow rates of 1.5, 2.5, 3.5, and 4.5 l/min were
studied.
Statistical analysis. Data are summarized as mean 
SD or as n (%). Differences in clinical and echocardiographic variables between the patients with
and without ECE were evaluated using unpaired
Student t tests or chi-square tests as appropriate.
Logistic regression analysis was performed to
determine characteristics that were associated with
ECE. Clinical and echocardiographic variables that
were found to be signiﬁcantly associated with ECE
on univariate analysis were included in the multivariate logistic regression analysis. To satisfy the
assumption of the independence of events, only the

Figure 1. Endocardial Borders Conforming to Delineated Borders
In this example, the endocardial borders of the left atrium (LA) (A) and the
polygonal mesh surface conform to the delineated borders (B). Borders were
traced on 4 equiangular planes (0 , 45 , 90 , and 135 ) passing through the
long axis of the LA and 1 cross-sectional plane perpendicular to the axis at the
mid-atrium. Red indicates left atrial endocardial surface; blue indicates mitral
valve annulus; yellow indicates left atrial borders; and green indicates mitral
valve leaﬂets.

ﬁrst event was considered as the endpoint, and
recurrent embolic events were not included in the
analysis.
The potential predictive variables of ECE
included in the multivariate analysis were age, previous valvuloplasty, AF, anticoagulant therapy,

Figure 2. 3D Reconstruction of the LA
Example of image planes intersecting the reconstructed left atrial
(LA) surface, enabling its volume and shape indexes to be
computed. Online Video 1 shows a 3D structure of the left atrium
highlighting its shape. 3D ¼ 3-dimensional.

455

456

Nunes et al.
LA Shape and Embolic Events in Mitral Stenosis

JACC: CARDIOVASCULAR IMAGING, VOL. 7, NO. 5, 2014
MAY 2014:453–61

performed using SPSS version 18.0 (IBM SPSS
Statistics, IBM Corporation, Armonk, New York)
and R for Statistical Computing version 2.15.1
(R Foundation, Vienna, Austria).
RESULTS
Clinical and echocardiographic characteristics. The

Figure 3. LA 3D CSA Measured in 2 Different LA Anatomic Shapes
The 3D cross-sectional area (CSA) is larger in the spherical shape compared
with the ellipsoidal shape. Red indicates left atrial endocardial surface; blue
indicates mitral valve annulus; yellow indicates left atrial borders; green
indicates mitral valve leaﬂets. Abbreviations as in Figures 1 and 2.

blood pressure, transmitral pressure gradient, and
left ventricular (LV) ejection fraction. The variables
of 3D LA assessment were checked for collinearity,
and obviously interdependent covariates were not
used simultaneously in any of the analyses. We
constructed the ﬁrst multivariate model including
the overall patient population and then a second
model with a subset of patients in sinus rhythm. A
shrinkage factor was estimated from the bootstrap
procedure, and we shrunk the regression coefﬁcients
to correct for optimism of the models (22). The
discrimination and calibration of the multivariate
models were measured to assess their performance
in ECE prediction (23,24).
Reproducibility of 3D LAVs (emptying fraction)
and CSA was assessed by the intraclass correlation
coefﬁcients for repeated measures in a random
sample of 15 patients. Statistical analysis was

mean age was 44.1  11.7 years, with 84% women.
A total of 167 (79%) were in New York Heart
Association functional class I or II, and 45 patients
(21%) were in class III or IV. On entry into the
study, 46 patients (22%) were in AF, and 72 patients (34%) had a history of mitral valvuloplasty
(either percutaneous or surgical).
The baseline clinical characteristics of the study
patients stratiﬁed by the presence of ECE are
summarized in Table 1. Patients who had experienced an embolic event or those with paroxysmal or
persistent AF were on anticoagulant therapy.
The echocardiographic features of the patients
according the presence of ECE are also summarized
in Table 1. The mean mitral valve area was 1.2 cm2
in the overall population, including a wide spectrum
of MS severity (range 0.42 to 2.78 cm2; interquartile
range: 0.89 to 1.42 cm2). There was no signiﬁcant
difference in the degree of MS severity between the
patients with ECE and those without.
Patients with AF had larger LAVs and LA CSA
and lower LAEF compared with patients in sinus
rhythm. However, the LA shape index was similar
between patients with and without persistent AF at
baseline (1.54  0.4 vs. 1.48  0.5; p ¼ 0.45).
ECE in the overall study population. ECE occurred
in 41 patients (19%); 33 of these patients were
diagnosed with an ECE before enrollment into the

Figure 4. Normal LA, Ellipsoidal, and Spherical Shapes
In these examples of normal 3D LA (left), ellipsoidal (middle), and spherical (right) shapes, the left atrial volumes (LAV) in both the ellipsoidal
shape and the spherical shape are similar. LV ¼ left ventricle; RA ¼ right atrium; RV ¼ right ventricle; other abbreviations as in Figures 1 and 2.
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Table 1. Baseline Clinical and Echocardiographic Features of the Study Population According to the Presence of ECE

Age, yrs

Patients Without Events
(n [ 171)

Patients With Events
(n [ 41)

OR
(95% CI)

42.8  11.4

49.2  11.6

1.05 (1.02–1.14)

p Value
0.001

History
Valvuloplasty

52 (30)

20 (49)

2.27 (1.13–4.57)

0.022

Anticoagulation therapy*

37 (22)

25 (61)

0.164 (0.08–0.34)

<0.001

Atrial ﬁbrillationy

32 (19)

14 (34)

2.25 (1.06–4.77)

0.034

Systolic

117.4  14.6

121.6  17.8

1.02 (0.99–1.04)

0.121

Diastolic

73.9  11.0

79.6  11.4

1.05 (1.02–1.09)

0.004

LVEF, %

63.9  7.4

61.1  9.1

0.96 (0.92–0.99)

0.044

Mitral valve area, cm2z

1.19  0.4

1.24  0.3

1.35 (0.59–3.01)

0.473

BP, mm Hg

Cardiovascular measurements

9.9  5.2

8.1  3.7

0.91 (0.84–0.99)

0.037

LA diameter, mm

50.2  6.5

52.1  8.6

1.04 (0.99–1.09)

0.126

2D LA sphericity index

1.29  0.17

1.24  0.24

0.23 (0.02–3.42)

0.282

2

58.9  22.5

69.1  45.5

1.01 (0.99–1.02)

0.070

3D LA volume, ml/m2

53.3  20.1

64.8  34.4

1.02 (1.01–1.03)

0.014

3D LA CSA, cm2/m2

12.7  3.2

15.5  5.5

1.17 (1.07–1.28)

<0.001

3D LAEF, %

30.9  15.0

23.5  15.3

0.97 (0.94–0.99)

0.029

LA 3D shape indexx

1.59  0.4

1.28  0.3

0.78 (0.69–0.88)

<0.001

Mean gradient, mm Hg

2D LA volume, ml/m

Values are mean  SD or n (%). *Anticoagulation therapy at the time of enrollment into the study. yAtrial ﬁbrillation at the time of enrollment into the study.
zMitral valve area was assessed by planimetry. xOR per 0.1-U increase.
2D ¼ 2-dimensional; 3D ¼ 3-dimensional; BP ¼ blood pressure; CI ¼ conﬁdence interval; CSA ¼ cross-sectional area; ECE ¼ embolic cerebrovascular events; LA ¼ left
atrial; LAEF ¼ left atrial emptying fraction; LVEF ¼ left ventricular ejection fraction; OR ¼ odds ratio.

study, and the remaining 8 patients were diagnosed
during the course of follow-up. At 2-year follow-up,
2 patients had died, 34 patients had undergone
percutaneous mitral valvuloplasty, and 17 patients
had undergone mitral valve replacement. Additionally, during the follow-up, 5 patients showed
onset of AF, of whom 3 had ECE.
Several clinical and echocardiographic variables
were tested for a possible association with ECE
(Table 1). In multivariate logistic regression analysis
including the potential predictors of ECE, the independent factors associated with ECE were age,
3D LAEF, LA shape index, and having received
anticoagulation therapy (Table 2).
As absolute LAV and CSA were strongly correlated, these variables were not included in the same
model. When indexed 3D LAV was included, this
variable was removed from the model (odds ratio
[OR]: 1.011; 95% conﬁdence interval [CI]: 0.99 to
1.03; p ¼ 0.197) for not being statistically signiﬁcant. Therefore, although LAV index was a predictor of ECE on univariate analysis, the 3D
LAEF, which expresses LA function, was superior
in ECE prediction.

LA shape index calculated by parameters derived
from 2D echocardiography measurements, including
diameter and sphericity index, were not predictors
of ECE.
ECE in patients with sinus rhythm. A subanalysis
excluding subjects with AF was performed. In the
subset of patients in sinus rhythm, ECE occurred in
19 patients before enrollment into the study and in
8 patients during the course of the follow-up. The
variables that were selected for the multivariate
model were age, previous valvuloplasty, blood

Table 2. Multivariate Logistic Regression Model for Predicting
ECE in the Overall MS Population*
Covariatey

OR

95% CI

p Value

Age, yrs

1.07

1.02–1.12

0.006

Anticoagulation therapy

0.09

0.03–0.31

<0.001

3D LAEF, %

0.96

0.92–0.99

0.028

3D LA shape indexz

0.73

0.61–0.87

<0.001

*Shrinkage factor of 0.8561. yThe c statistic for predicting ECE was 0.87 (95%
CI: 0.81 to 0.94). zOR per 0.1-U increase.
Abbreviations as in Table 1.

457

458

Nunes et al.
LA Shape and Embolic Events in Mitral Stenosis

JACC: CARDIOVASCULAR IMAGING, VOL. 7, NO. 5, 2014
MAY 2014:453–61

Table 3. Predictors of ECE in Patients With Sinus Rhythm*
OR

95% CI

p Value

Age, yrs

Covariate

1.05

1.01–1.10

0.043

3D LAEF, %

0.96

0.93–0.99

0.031

3D LA shape indexy

0.79

0.67–0.94

0.007

*Shrinkage factor of 0.8782. yOR per 0.1-U increase.
Abbreviations as in Table 1.

pressure, transmitral pressure gradient, LV ejection fraction, LAV, LA CSA, LAEF, and LA
shape index. LA shape index was a powerful predictor of ECE (OR: 0.79; 95% CI: 0.67 to 0.94;
p ¼ 0.007), adding incremental value to age (OR:
1.05; 95% CI: 1.01 to 1.10; p ¼ 0.043) and LAEF
(OR: 0.96; 95% CI: 0.93 to 0.99; p ¼ 0.031),
whereas LAV did not show a signiﬁcant association with ECE (Table 3). The c statistic for predicting ECE in the ﬁnal model was 0.85 (95% CI:
0.76 to 0.94).
To assess the value of LA shape in predicting
ECE, we excluded patients who had events before
recruitment into the study. This subset of patients
was in sinus rhythm, without the confounding effects of arrhythmia or anticoagulant therapy on the
outcome. Among all variables tested, LA shape
index was the only predictor of events (adjusted OR:
0.70; 95% CI: 0.53 to 0.92; p ¼ 0.012).
LA measurements in patients with sinus rhythm
stratiﬁed by the presence of ECE and controls. The

mean age of the control group was 40.4  10.4
years, and 15 were women (75%), similar to the case
group. The reference values of 3D LA measurements are shown in Table 4.
Echocardiographic parameters to assess LA were
compared between patients with and without ECE
(Table 4). LAEF and LA shape index were lower in
patients with ECE compared with those in patients

without ECE, whereas LAV was similar between
the 2 groups. There was also an increase in the LA
CSA in patients with ECE compared with that in
those without ECE.
Reproducibility. For the LA CSA, the intraclass
correlation coefﬁcients were 0.96 for interobserver
variability and 0.98 for intraobserver variability. For
LAEF, the intraclass correlation coefﬁcients were
0.88 for interobserver variability and 0.93 for
intraobserver variability.
Validation in the phantom model. Atrial inﬂow
velocities measured within the ellipsoidal-shaped
model remained relatively constant at the midlevel of the model, whereas velocity magnitudes
in the spherical-shaped model were maximal in
the center of the model but were signiﬁcantly
lower in the peripheral regions. The velocity
waveforms for both chambers are shown in
Figure 5. In the spherical-shaped model, the
mean velocity in the sides was 121  15 cm/s,
whereas in the ellipsoidal one, it was 148  7 cm/s
(p ¼ 0.002).
DISCUSSION

The present study examined the inﬂuence of LA
shape on ECE in patients with rheumatic MS.
Besides age, 3D LA emptying fraction and LA
shape index were found to be important factors
associated with ECE. In patients in sinus
rhythm, LA shape index was a powerful predictor
of ECE. These ﬁndings demonstrate the role of

Table 4. Parameters of LA Assessment According to the Presence of ECE
in MS Patients in Sinus Rhythm and in Controls
Patients
Patients
Without Events With Events
(n [ 27)
p Value
(n [ 139)
LA anteroposterior diameter, mm

Reference
Controls*
(n [ 20)

48.7  5.7

49.4  6.8

0.773

32.9  4.6
17.1  4.5

49.6  13.2

54.2  20.8

0.294

3D LA CSA, cm2/m2

12.3  2.5

14.2  4.5

0.002

6.9  2.1

3D LAEF, %

32.6  15.2

24.9  17.2

0.031

58.6  6.2

3D LA shape index

1.59  0.41

1.28  0.36

<0.001

3D LA volume, ml/m

2

Values are mean  SD. *p < 0.05 for patients versus control subjects.
Abbreviations as in Table 1.

1.73  0.37

Figure 5. In Vitro Velocity–Flow Proﬁles of a Phantom Model
In these in vitro velocity–ﬂow proﬁles of a spherical and an ellipsoidal phantom model (constant inﬂow rate of 4.5 l/min), velocities
were measured at 9 equidistant points across the mid-chamber for
each model, from left to right.

JACC: CARDIOVASCULAR IMAGING, VOL. 7, NO. 5, 2014
MAY 2014:453–61

pathological LA remodeling pattern in predicting
ECE.
LA enlargement and embolic events. In patients
with MS, several studies have demonstrated that
LA enlargement is a marker of increased thromboembolic risk (4,6,7,9,11,25,26). However, the
great majority of studies considered LA size or
volume as an indicator of risk. This study aimed to
look speciﬁcally at LA shape and not just LAVs and
LA function in predicting stroke. As LA dilation
may not occur in a uniform fashion, LA shape
might be a better measure of the pattern of LA
remodeling and a better predictor of embolic risk
than absolute LAV.
The results of this study show that the atrial
shape adds incremental value in predicting embolic
events. Additionally, in agreement with a recently
published study (27), we found that LA reservoir
function was also associated with an increased risk
for ECE. Although the LA has 3 major roles that
affect LV ﬁlling, its reservoir function represents the
most important component of the LA function in
MS. LA contractile force cannot overcome the
mechanical obstruction across the valve and does
not signiﬁcantly contribute to LV ﬁlling (28).
Therefore, in our study we assessed LA function by
measuring LAEF. Our ﬁndings are in line with
those from previous studies, and add novel evidence
indicating that LA shape is a strong and independent predictor of ECE after controlling for potential
confounders.
We developed an index to assess LA shape on
the basis of 3D reconstruction that takes into
account 2 important determinants of blood ﬂow
stagnation with potential for thrombus formation: the short-axis CSA that is orthogonal
to direction of blood ﬂow, and volume of the
LA. For a given volume, the CSA is inversely
proportional to the velocity of the blood ﬂow.
The index assesses the relationship between the
measured volume and the calculated volume
derived from a virtual sphere. Therefore, the ratio
between these 2 volumes can express the degree
of difference in shape of the chamber. Although
increases both in volume and in CSA are
observed in MS, a predominant increase of the
CSA relative to volume is expected in a more
spherical LA shape. Hence, the ratio between
these parameters seems to be more accurate and
better predicts the ECE risk.
Insights into the mechanism of ECE in mitral stenosis:
role of LA shape. Pressure overload on the atrium

induces not only LA dilation but also myocardial
hypertrophy and interstitial ﬁbrosis (29), which may
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further inﬂuence the remodeling pattern (30). The
atrial remodeling can be different in MS compared
with mitral regurgitation (31). Cho et al. (32)
demonstrated that after mitral valve surgery, patients with mitral regurgitation showed a larger
LAV reduction compared with those with MS.
Patients with MS are a heterogeneous group with
respect to LA shape. Patients in whom the LA
remodeling leads to morphological changes in the
atrium, from an ellipsoidal into a more spherical
shape, appear to be at increased risk for embolic
events. Additionally, spherical remodeling of the
LA can lead to a further increase in the atrial wall
tension, which may predispose to onset of AF.
Thus, spherical LA morphology is probably less
effective for atrial contraction and is a marker for
future AF episodes, representing a higher-risk
condition for ECE.
Clinical implications. The identiﬁcation of patients
who are at higher risk for ECE could lead to
changes in the management of patients with MS.
Presently, there are no data to support the concept
that oral anticoagulation is beneﬁcial in patients
with MS and in sinus rhythm (16). Assessment of
LA shape may therefore be helpful in guiding the
decision of anticoagulation in patients with MS who
are in sinus rhythm.
Study limitations. Patients with ECE before
enrollment into the study were included, which may
potentially affect the prediction of the outcome.
Prospective studies are needed for the demonstration of the cause–effect relationship between the LA
shape and embolic events.
AF was diagnosed on the basis of symptoms,
electrocardiography, and periodic Holter examinations. Paroxysmal AF may still have been present at
the time of the ECE but not diagnosed on the later
electrocardiographic tracings obtained during the
medical visit.
Although patients with MS and ECE have a
high risk for cardiogenic embolism, the precise
mechanism is difﬁcult to determine. Nonetheless,
we attempted to exclude patients with other potential causes for the ECE, and therefore, a cardiac
source of embolism was presumed to be the most
likely in our patient population.
Doppler imaging measures only a single component of blood velocity along the transducer scan line
and, therefore, does not provide quantitative information with respect to vortex formation. The data
presented here are not deﬁnitive evidence of
thrombus formation or stasis, and further research is
warranted to establish the role of shape on regional
ﬂow.
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CONCLUSIONS

In patients with a wide spectrum of rheumatic MS
severity, differential LA remodeling affects ECE
risk. Low 3D LAEF and a spherical LA shape were
independently associated with an increased risk for
embolic events. LA shape index was associated with
ECE in the setting of MS with LA dilation and

sinus rhythm. The 3D assessment of LA shape may
be helpful in identifying MS patients at high risk for
embolic events.
Reprint requests and correspondence: Dr. Judy Hung,
Blake 256, Cardiac Ultrasound Laboratory, Massachusetts General Hospital, 55 Fruit Street, Boston, Massachusetts 02114. E-mail: jhung@partners.org.
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APPENDIX
For a supplemental video and legend, please see
the online version of this article.
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