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Time

LA  enlargement  does  not  occur  uniformly  in  all directions!

Asymmetrical LA RemodellingAsymmetrical LA Remodelling
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Method  of  Discs  (Simpson’s  Rule)  Method  of  Discs  (Simpson’s  Rule)  

Disk  summation algorithm  is  
based  on  the  premise  that  a  
cavity  can  be  divided  into  a  
series  of  stacked  oval  discs  
with  a  known  height  and  
orthogonal  minor  and  major  
axes.

Simpson’s  rule:  volume  of  a  geometrical  figure  can  be  calculated  from  the  
sum  of  the  volumes  of  smaller  figures  of  similar  shape.
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3D  Echo3D  Echo

•3D  single-­beat  acquisitions  feasible  for  pts  
with  arrhythmias

• Higher  accuracy  -­ measurements  with  no  geometric  
assumptions  about  LA  shape

• Increased  reproducibility  -­ semi-­automated  endocardial  
border  identification,  volumetric  acquisition  with  no  
dependency  on  plane  selection

• Acceptable  temporal  resolution  (30-­50  vps)  in  comparison  
with  CT/CMR
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Real-Time 3D Echocardiographic Quantification of  Left 
Atrial Volume: Multicenter Study for Validation with CMR

• 4  different   institutions
(4  countries,  3  continents)

• A  total  of  92  pts  
(35♀,  48±18  years,  BSA  
1.72±0.34  ml/m²)

• Wide  range  of  LA  sizes
(CMR  LAV:  40  – 206  ml)

• 2DE,  3DE  and  CMR
images  acquired  on  the  
same  day  

2DE:  bias  =  -­31  ml  
95%  LOA  =  ±50  ml  

3DE:  bias  =  -­1  ml  
95%  LOA  =  ±28  ml  

Quantification  of  Left  Atrial  SizeQuantification  of  Left  Atrial  Size



1. Relatively  poor  spatial  resolution
2. Underestimation   compared  with  CMR
3. Availability  of  LA-­specific  software
4. Clinically   relevant  normative  values  and  thresholds  need  to  

be  established  with  standardized  and  validated  
methodology

5. The  incremental  clinical  benefit  of  3D  assessment  over  2D  
methods  needs  to  be  further  established

J  Am  Soc Echocardiogr 2015;;28:1-­39
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events, independent of age, risk factors, LV geometry, and
diastolic functional grade (51). Finally, in a retrospective
referral-based cohort study, LA contractile function (and the
proportional contribution from atrial contraction to total
diastolic filling measured with CMR) was the strongest
predictor of major adverse cardiac events and all-cause
mortality in 210 patients with chronic hypertension but no
prevalent cardiovascular disease (25).

Although the large body of data discussed here support
the use of maximal LAV for predicting cardiovascular risk,
theoretical considerations regarding atrial function and
loading and a growing body of research suggest that minimal
LAV may be a more important prognostic indicator
(12,27,52,53). Minimal LAV is measured at end-diastole
after being exposed to LV diastolic pressure (therefore
accounting for atrial afterload) and is closely related to LA
maximal elastance (a load-independent measure of atrial
contractility) (54), whereas LA maximal volume is due
primarily to increased atrial pressure and volume. The
correlation between LV filling pressures was stronger for
minimal than maximal LAV in 70 patients undergoing

cardiac catheterization; in that study, a minimal LAV >40 ml
was sensitive and specific (82% and 98%, respectively) for
identifying a pulmonary capillary wedge pressure>12 mmHg
(27). In a prospective study of 574 participants in Olmsted
County, minimal LAV was superior for predicting the
3-year risk for developing first AF or atrial flutter and was an
independent predictor in a model that included clinical
variables, body mass index, diastolic dysfunction, and
maximal LAV (53). Finally, in 178 outpatients referred for
clinically indicated echocardiography who underwent 2D
echocardiography and RT3DE and were followed for
a median of 45 months, minimal LAV on RT3DE was
the best independent predictor in a multivariate analysis of
major adverse cardiovascular events (12). Surprisingly, 2D
maximal and minimal LAVs were not predictive of death,
CVA, or AMI; this may have been due to the low frequ-
ency (17%) of events and the variable clinical back-
ground and risk profile of the patients.
Risk prediction in patients with AF. LA enlargement
and dysfunction (reduced reservoir and conduit function,
reduced or absent booster pump function) are common in

Figure 2 Functions of the Left Atrium and Their Color-Coded Relation to the Cardiac Cycle

Displayed are pulmonary venous (PV) velocity, left atrial (LA) strain (ε), LA strain rate (SR), LA volume, left atrial pressure (LAP), and mitral spectral and tissue Doppler. Reservoir,
conduit, and booster pump functions are denoted by red, blue, and yellow lines, respectively. Figure illustration by Craig Skaggs. ECG ¼ electrocardiogram; MV ¼ mitral valve.
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be difficult. A major disadvantage of spectral Doppler is its
nonspecificity, because changes may be due to LV diastolic
dysfunction, mitral valve disease, or abnormal hemodynamic
status.
Tissue Doppler. Pulsed-wave and color tissue Doppler
of atrial contraction (A0) provide regional and global
(when several sites are averaged) snapshots of atrial systolic
function (32,33). Reproducible data with acceptable vari-
ability can be obtained with proper attention to technical
details. Offline color tissue Doppler waveforms record
simultaneously multiple atrial regions and demonstrate an
annular-to-superior segment decremental gradient of atrial
contraction (33). Tissue velocities during ventricular systole
(S0) and early diastole (E0) correspond to reservoir and
conduit function, respectively. However, tissue Doppler
velocities are subject to error because of angle dependency
and the effects of cardiac motion and tethering and have
been superseded by deformation analysis.
Deformation analysis (ε and SR imaging). Strain and SR
represent the magnitude and rate, respectively, of myocardial
deformation (for a review, see Gorcsan and Tanaka [34]);
they can be assessed using either tissue Doppler velocities
(tissue Doppler imaging [TDI]) or 2DE techniques (2D
speckle-tracking echocardiography [STE]) (Figs. 3 and 4).
Both have been used successfully to assess LA global and

regional function (35,36). Although temporal resolution
is excellent and ideal 2D image quality is not necessary, TDI
is highly angle dependent, and signal-to-noise ratios may
be problematic. In contrast, 2D STE analyzes myocardial
motion by frame-by-frame tracking of natural acoustic
markers that are generated from interactions between
ultrasound and myocardial tissue within a user-defined
region of interest, without angle dependency. Frame rates
of about 50 to 70 frames/s are needed to avoid speckle
decorrelation, and good image quality is needed for accurate
tracking. For both modalities, ε imaging of the left atrium is
more difficult and time-consuming than for the left
ventricle. Moreover, the far-field location of the atrium,
reduced signal-to-noise ratio, the thin atrial wall, and the
presence of the appendage and pulmonary vein are chal-
lenges in applying deformation analysis to the left atrium.

It is important to recognize that differences in nomen-
clature used to describe atrial ε and SR are dependent on
whether the atrial or ventricular cycle is used as the reference
(i.e., zero baseline) point (Fig. 5). If the ventricular cycle is
used, ventricular end-diastole (the QRS complex) is the zero
reference, and peak positive longitudinal ε (εs) corresponds
to atrial reservoir function, and ε during early and late
diastole (εe and εa, respectively) corresponds to conduit and
atrial booster function. If the atrial cycle is used, atrial end-
diastole (the onset of the P-wave) is the zero reference, and
the first negative peak ε (εneg) represents the atrial booster
pump function, positive peak ε (εpos) corresponds to
conduit function, and their sum (εtotal) represents reservoir
function (2,37). SRs in ventricular systole, early diastole, and
late diastole (SR-S, -E, and -A, respectively) correspond to
reservoir, conduit, and booster pump functions in both
schemes.

Although 2D ε and SR imaging overcomes much of the
subjectivity and variability inherent in assessing endocardial
motion, these methods fail to address the complexities of
cardiac geometry and motion. Initial data suggest that 3D

Figure 1 Three-Dimensional Rendered Minimal and Maximal LA Volumes and the Volume-Time Curve

Three-dimensional rendering of minimal (left) and maximal (center) left atrial (LA) volumes that allow accurate measurement of total, passive, and active stroke volumes
and calculation of total, passive, and active ejection fractions. (Right) Volume-time curve. Reprinted with permission from To et al. (2). LAV ¼ left atrial volume.

Table 1 Volumetric Indexes of LA Function

LA Function LA Volume Fraction Calculation

Global function; reservoir LA EF (or total EF) [(LAmax " LAmin)/LAmax]

Reservoir function Expansion index [(LAmax " LAmin)/LAmin]

Conduit* Passive EF [(LAmax " LApre-A)/LAmax]

Booster pump Active EF [(LApre-A " LAmin)/LApre-A]

*Conduit volume is actually the volume of blood that blood that passes through the left atrium
that cannot be accounted for by reservoir or booster pump function: [LV stroke volume "
(LAmax " LAmin)].
EF ¼ emptying fraction; LA ¼ left atrial; LAmax ¼ maximal left atrial volume; LAmin ¼ minimal

left atrial volume; LApre-A ¼ left atrial volume immediately before atrial contraction.
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diastole (the onset of the P-wave) is the zero reference, and
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pump function, positive peak ε (εpos) corresponds to
conduit function, and their sum (εtotal) represents reservoir
function (2,37). SRs in ventricular systole, early diastole, and
late diastole (SR-S, -E, and -A, respectively) correspond to
reservoir, conduit, and booster pump functions in both
schemes.

Although 2D ε and SR imaging overcomes much of the
subjectivity and variability inherent in assessing endocardial
motion, these methods fail to address the complexities of
cardiac geometry and motion. Initial data suggest that 3D
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Three-dimensional rendering of minimal (left) and maximal (center) left atrial (LA) volumes that allow accurate measurement of total, passive, and active stroke volumes
and calculation of total, passive, and active ejection fractions. (Right) Volume-time curve. Reprinted with permission from To et al. (2). LAV ¼ left atrial volume.

Table 1 Volumetric Indexes of LA Function

LA Function LA Volume Fraction Calculation

Global function; reservoir LA EF (or total EF) [(LAmax " LAmin)/LAmax]

Reservoir function Expansion index [(LAmax " LAmin)/LAmin]

Conduit* Passive EF [(LAmax " LApre-A)/LAmax]

Booster pump Active EF [(LApre-A " LAmin)/LApre-A]

*Conduit volume is actually the volume of blood that blood that passes through the left atrium
that cannot be accounted for by reservoir or booster pump function: [LV stroke volume "
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left atrial volume; LApre-A ¼ left atrial volume immediately before atrial contraction.
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3D  LA  phasic function:  validation against
MRI

3D  LA  phasic function:  validation against
MRI

N  =  55  patients  undergoing  cardiac  
MRI  and  3DE  before  PV  isolation

Int  J  Cardiovasc  Imaging  2013;;29:601-­8



VpreAVmaxVmin  
(VpostA)

• Total  emptying fraction =  Total  emptying volume/Vmax
• Passive  emptying fraction =  Passive  emptying volume/Vmax
• Active  emptying fraction =  Active  emptying volume/VpreA

Badano  LP.  Eur Heart J  Cardiovasc Imaging 2013  
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STE overcomes these limitations because it eliminates
the effects of through-plane motion that may occur with
2D imaging (37,38). 3D STE is a reproducible technique
that more quickly and completely analyzes myocardial
deformation (e.g., one can measure longitudinal and cir-
cumferential ε from the same 3D dataset) and enables the
evaluation of LA endocardial area ε (εarea, longitudinal
times circumferential ε) (38,39). In a preliminary study of
184 patients in sinus rhythm, LA 3D STE–measured
global maximal εarea and εarea before atrial systole were
highly reproducible and compared favorably with LA
emptying and active ejection fractions measured from phasic
LAVs (40).

Prognosis and Risk Stratification Using
Atrial Volume and Function

Risk prediction in general and referral populations.
Indexes of LA size are markers of cardiovascular risk in the
general population (7,41–43). The strength of the associa-
tion between atrial remodeling (i.e., increased LAVi) and
cardiovascular risk is influenced by the nature of the pop-
ulation under study. For example, in a cohort of 1,160
elderly patients from Olmsted County, Minnesota, with
cardiovascular disease referred for echocardiography, both
LAVi and LV diastolic dysfunction were independently
predictive of cardiovascular events (first AMI, coronary
revascularization, AF, CHF, transient ischemic attack,
CVA, or cardiovascular death) (44), and in a clinical study of
314 patients with AMIs with 15-month follow-up,
LAVi powerfully predicted mortality after adjustment for
Doppler parameters of diastolic dysfunction (45). However,
in a study of 2,042 randomly selected residents of Olmsted
County, LAVi lost the ability to predict all-cause mortality
when controlling for the degree of diastolic dysfunction,

suggesting that in the general population, changes in LAVi
are closely related to diastolic function and therefore provide
no incremental predictive benefit (41). Although most of
the subjects in studies that examine the prognostic value of
LA size are elderly, Leung et al. (46) studied a large (n ¼
483), unselected series of younger (mean age 47 years)
patients in sinus rhythm referred for echocardiography and
followed for a median of 6.8 years; LAVi "24 ml/m2 was
the only independent echocardiographic predictor (inclu-
ding Doppler transmitral diastolic flow profiles) of cardio-
vascular death, CVA, CHF, AMI, and AF and was
incremental to clinical predictors.

Supporting the importance of the type of population
under study and confirming the prognostic importance of
LA function in the general population, decreasing LA
emptying fraction (EF) but not LAVi (measured with
CMR) was independently associated with mortality and
added incremental power to a predictive model consisting of
Framingham risk score, diabetes, race, LV mass, and LV
ejection fraction in 1,802 participants of the Dallas Heart
Study followed for a median of 8.1 years (47). In this large,
ethnically diverse cohort, LAVi and LA EF were only
weakly associated with each other. In another important
investigation, both echocardiographic LAVi and LA EF
were shown to be powerful predictors of new-onset AF and
atrial flutter in 574 elderly participants referred for echo-
cardiography and followed prospectively for a mean of
1.9 years. LA EF was associated with increased risk after
adjustment for baseline clinical risk factors, LV ejection
fraction, LV diastolic functional grade, and LAV. Patients
at highest risk were those with both LA emptying frac-
tions #49% and LAVi "38 ml/m2 (48). That LA emptying
fraction was superior and incremental to LAV suggests
that reservoir function of the left atrium represents a more
advanced state of LA remodeling and perhaps underlying
LV dysfunction than LA enlargement alone. This is
a theme permeating many prognostic studies of LA
function.

Several studies suggest that atrial booster pump function
also identifies cardiovascular risk in the general population
(25,49–51). A low transmitral Doppler atrial filling fraction
(and increased E/AVTI) predicted new-onset AF in 942
subjects of the Framingham study independent of LA size;
thus, a 1 SD decrease in the atrial filling fraction was
associated with a 28% higher risk for AF, suggesting that
decreased booster pump function pre-dates atrial arrhythmia
(49). Tissue Doppler annular velocity after atrial contraction
(A0) was a significant independent predictor of cardiac
mortality in 518 subjects (353 with a variety of cardiac
diseases) after 2 years; when A0 was #4 cm/s, the hazard
ratio of cardiac death was significantly greater than when
it was >7 cm/s (50). In an unselected cohort of 2,808
subjects from the Strong Heart Study with a high prevalence
of obesity and diabetes (but not prevalent cardiovascular
disease), LA systolic (ejection) force was associated with
a higher rate of combined fatal and nonfatal cardiovascular

Table 2 Spectral Doppler Indexes of LA Function

LA Function Transmitral Flow Pulmonary Venous Flow Composite Indexes

Global
function

LAFI

Reservoir S velocity

Conduit E velocity, E/A D velocity

Booster
pump

A velocity, E/A,
AFF

PVa Ejection force,
LAKE

AFF ¼ atrial filling fraction; LA ¼ left atrial; LAFI ¼ left atrial functional index; LAKE ¼ left atrial
kinetic energy; PVa ¼ pulmonary venous reversal velocity.

Table 3
Tissue Doppler and Deformational Indexes
of LA Function

LA Function Tissue Velocity Strain Strain Rate

Reservoir S0 εs, εtotal SR-S

Conduit E0 εe, εpos SR-E

Booster pump A0 εa, εneg SR-A

ε¼ strain; LA ¼ left atrial; neg ¼ negative; pos ¼ positive; SR ¼ strain rate.
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• Advantages:  availability  and  simplicity  in  acquisition  and  interpretation
• Major  disadvantage:  nonspecificity,  because  changes  may  be  due  to  LV  
diastolic  dysfunction,  mitral  valve  disease,  or  abnormal  hemodynamic  status:  
difficult  interpretation  in  sinus  tachycardia,  conduction  system  disease,  and  
arrhythmia  (a.f.).
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STE overcomes these limitations because it eliminates
the effects of through-plane motion that may occur with
2D imaging (37,38). 3D STE is a reproducible technique
that more quickly and completely analyzes myocardial
deformation (e.g., one can measure longitudinal and cir-
cumferential ε from the same 3D dataset) and enables the
evaluation of LA endocardial area ε (εarea, longitudinal
times circumferential ε) (38,39). In a preliminary study of
184 patients in sinus rhythm, LA 3D STE–measured
global maximal εarea and εarea before atrial systole were
highly reproducible and compared favorably with LA
emptying and active ejection fractions measured from phasic
LAVs (40).

Prognosis and Risk Stratification Using
Atrial Volume and Function

Risk prediction in general and referral populations.
Indexes of LA size are markers of cardiovascular risk in the
general population (7,41–43). The strength of the associa-
tion between atrial remodeling (i.e., increased LAVi) and
cardiovascular risk is influenced by the nature of the pop-
ulation under study. For example, in a cohort of 1,160
elderly patients from Olmsted County, Minnesota, with
cardiovascular disease referred for echocardiography, both
LAVi and LV diastolic dysfunction were independently
predictive of cardiovascular events (first AMI, coronary
revascularization, AF, CHF, transient ischemic attack,
CVA, or cardiovascular death) (44), and in a clinical study of
314 patients with AMIs with 15-month follow-up,
LAVi powerfully predicted mortality after adjustment for
Doppler parameters of diastolic dysfunction (45). However,
in a study of 2,042 randomly selected residents of Olmsted
County, LAVi lost the ability to predict all-cause mortality
when controlling for the degree of diastolic dysfunction,

suggesting that in the general population, changes in LAVi
are closely related to diastolic function and therefore provide
no incremental predictive benefit (41). Although most of
the subjects in studies that examine the prognostic value of
LA size are elderly, Leung et al. (46) studied a large (n ¼
483), unselected series of younger (mean age 47 years)
patients in sinus rhythm referred for echocardiography and
followed for a median of 6.8 years; LAVi "24 ml/m2 was
the only independent echocardiographic predictor (inclu-
ding Doppler transmitral diastolic flow profiles) of cardio-
vascular death, CVA, CHF, AMI, and AF and was
incremental to clinical predictors.

Supporting the importance of the type of population
under study and confirming the prognostic importance of
LA function in the general population, decreasing LA
emptying fraction (EF) but not LAVi (measured with
CMR) was independently associated with mortality and
added incremental power to a predictive model consisting of
Framingham risk score, diabetes, race, LV mass, and LV
ejection fraction in 1,802 participants of the Dallas Heart
Study followed for a median of 8.1 years (47). In this large,
ethnically diverse cohort, LAVi and LA EF were only
weakly associated with each other. In another important
investigation, both echocardiographic LAVi and LA EF
were shown to be powerful predictors of new-onset AF and
atrial flutter in 574 elderly participants referred for echo-
cardiography and followed prospectively for a mean of
1.9 years. LA EF was associated with increased risk after
adjustment for baseline clinical risk factors, LV ejection
fraction, LV diastolic functional grade, and LAV. Patients
at highest risk were those with both LA emptying frac-
tions #49% and LAVi "38 ml/m2 (48). That LA emptying
fraction was superior and incremental to LAV suggests
that reservoir function of the left atrium represents a more
advanced state of LA remodeling and perhaps underlying
LV dysfunction than LA enlargement alone. This is
a theme permeating many prognostic studies of LA
function.

Several studies suggest that atrial booster pump function
also identifies cardiovascular risk in the general population
(25,49–51). A low transmitral Doppler atrial filling fraction
(and increased E/AVTI) predicted new-onset AF in 942
subjects of the Framingham study independent of LA size;
thus, a 1 SD decrease in the atrial filling fraction was
associated with a 28% higher risk for AF, suggesting that
decreased booster pump function pre-dates atrial arrhythmia
(49). Tissue Doppler annular velocity after atrial contraction
(A0) was a significant independent predictor of cardiac
mortality in 518 subjects (353 with a variety of cardiac
diseases) after 2 years; when A0 was #4 cm/s, the hazard
ratio of cardiac death was significantly greater than when
it was >7 cm/s (50). In an unselected cohort of 2,808
subjects from the Strong Heart Study with a high prevalence
of obesity and diabetes (but not prevalent cardiovascular
disease), LA systolic (ejection) force was associated with
a higher rate of combined fatal and nonfatal cardiovascular

Table 2 Spectral Doppler Indexes of LA Function

LA Function Transmitral Flow Pulmonary Venous Flow Composite Indexes

Global
function

LAFI

Reservoir S velocity

Conduit E velocity, E/A D velocity

Booster
pump

A velocity, E/A,
AFF

PVa Ejection force,
LAKE

AFF ¼ atrial filling fraction; LA ¼ left atrial; LAFI ¼ left atrial functional index; LAKE ¼ left atrial
kinetic energy; PVa ¼ pulmonary venous reversal velocity.

Table 3
Tissue Doppler and Deformational Indexes
of LA Function

LA Function Tissue Velocity Strain Strain Rate

Reservoir S0 εs, εtotal SR-S

Conduit E0 εe, εpos SR-E

Booster pump A0 εa, εneg SR-A

ε¼ strain; LA ¼ left atrial; neg ¼ negative; pos ¼ positive; SR ¼ strain rate.
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The  challenges  with  adapting  strain  
imaging  to  the  LA

The  challenges  with  adapting  strain  
imaging  to  the  LA

• Somewhat  similar to  the  ones  applicable  to  the  LV
• Unique  challenges:
-­ thinner  LA  wall
-­ higher  signal  noise  from  surrounding  structures
-­ location  of  the  LA  in  the  far  field  of  transthoracic  
echocardiogram

-­ complex  LA  motion  during  the  cardiac  cycle
-­ regional  LA  differences  in  contraction
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Key point-­LA  volumesKey point-­LA  volumes
1. Good  correlations  between  imaging  modalities
2. Imaging  modalities  are  not  interchangeable
3. 2DE  is  the  most  accessible,  but  consistently  
underestimates  

4. The  choice  of  imaging  modality  should  be  tailored  
for  specific  indication  and  clinical  need

5. Standardization  and  normative  data  and  
classification  criteria  for  grades  of  enlargement  
needs  to  be  established  for  each  imaging  modality



1. Promising  tools  for  predicting  c.v.  events  in  a  wide  
range  of  patient  populations  (reservoir  function)

2. Robust  clinical  outcome  data  from  large  
prospective  outcome  trials  are  needed

3. Standardization  of  equipment  and  analytic  
techniques  are  needed

4. Development  of  age-­ and  sex-­adjusted  normal  
reference  values  on  a  larger  scale  are  needed  

Key point-­LA  functionKey point-­LA  function


