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Right atrial (RA) structural and functional evaluations have recently emerged as powerful biomarkers for adverse
events in various cardiovascular conditions. Quantitative analysis of the right atrium, usually performed with
volume changes or speckle-tracking echocardiography (STE), has markedly changed our understanding of RA
function and remodeling. Knowledge of reference echocardiographic values and measurement methods of RA
volumes and myocardial function is a prerequisite to introduce RA quantitation in the clinical routine. This
review describes the methodology, benefits and pitfalls of measuring RA size and function by echocardiography
based on the current understanding of right atrial anatomy and physiological function and provides the current

knowledge of right atrial function in related cardiac diseases.

1. Introduction

Various anatomical, physiological, electrophysiological and patho-
logical features of the Right atrial (RA) are recognized as unique. RA
enlargement and/or dysfunction are increasingly recognized as impor-
tant predictors of adverse cardiovascular events. Distinguishing between
normal and abnormal RA size and function is therefore clinically rele-
vant. In this article, we provide a comprehensive overview of the
assessment of RA size and function (Fig. 1) and pressure estimation
using echocardiography and a summary of their demonstrated diag-
nostic and prognostic value.

2. Anatomy of the right atrium

The right atrium of the human heart is situated behind the right
ventricle in a rightward direction. It comprises the following parts—a
venous component, an appendage, and a vestibule. The main body of the
right atrium has an irregular ellipsoid shape with a triangular protrusion
of the right atrial appendage from the anterolateral part [1,2]. The

interatrial septum is the part common for both atria, and it is oriented
obliquely anteriorly to posteriorly rightward at an angle of approxi-
mately 65° to the sagittal plane [3,4].

Characteristic of the right atrium is the crista terminalis visible on
the endocardial surface. The crista terminalis is the muscle bundle that
delineates the border between the smooth wall of the venous component
and rough wall of the appendage. It extends from the left side of the
superior vena cava ostium, passes just in front of it, travels down
laterally curving to the right of the inferior vena cava (IVC) and finally
ends by ramifying in the area between the ICV and tricuspid valve (the
cavotricuspid isthmus) [1,5]. Myocytes in the crista terminalis are
mostly aligned along the long axis of the muscle bundle, favoring pref-
erential conduction. However, myofibers in the intercaval area, outside
the crista terminalis, are aligned obliquely. This abrupt change in
orientation represents an ideal substrate for atrial arrhythmia [6,7].

Koch's triangle, which is the part of the vestibule of the RA, is
considered as an anatomic landmark for the localisation of the right
atrioventricular (AV) node. Its apex is located in the central fibrous body
and is the site of penetration of the bundle of His, while its base is
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described as the line segment tangent to the left border of the coronary
sinus ostium between the left end of the Eustachian ridge and the
tricuspid annulus (TA). The anterior edge of the triangle stretches be-
tween the apex and the point where the base touches the TA. The pos-
terior edge extends between the apex and the point where the base
reaches left end of the Eustachian ridge [8].The AV node is found mainly
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at the Koch's triangle apex [9]. Knowledge of Koch's triangle dimensions
is extremely important to safely perform radio-frequency catheter
ablation within the RA because unwanted ablation of the AV node inside
Koch's triangle may result in nodal injury and complete block of con-
duction. On the other hand, the area of Koch's triangle is related to the
pathophysiology of AV nodal re-entrant tachycardias. Hence, the

RA size and function

Technique

(A) RA supero-inferior (SI) and medio-lateral (ML)
diameters (B) RA area tracing. IAS, interatrial septum;

TA, tricuspid annulus.

Optimize the right atrium (RA) by acquiring dedicated,
non-foreshortened apical 4-chamber views in which RA
cavity is maximized both longitudinally and
transversally

Circumference was drawn from lateral to septal border
of the tricuspid annulus, excluding the area between
tricuspid leaflets and annulus, along RA endocardium,
excluding Vena cava inferior/Vena cava superior and RA
appendage. Measured RA area and volume at
end-systole.

Biplane disc summation method is recommended for RA
volume calculation.

RA volumes should be indexed to body surface area.

PassgV

Optimize RA image quality, adjust probe position for a
complete visualization of RA contour in all views
throughout the cardiac cycle.

Optimize temporal resolution, whenever feasible, obtain
a multi-beat acquisition to maximize frame-rate.

From this time — volume curve, the values for Vmax,
Vmin, and VpreA RA volumes can be obtained.
Parameters of phasic RA function (active and passive
emptying volume and fraction and) are calculated from

these volumes.

A = RA reservoir function; B = conduit function; C =

contractile function.

Longitudinal Strain

Obtain unzoomed RA focused and optimized view.
Acquire 3-5 cardiac cycles at high frame rates ( >55fps).
Optimize 2D image quality.

A: peak positive longitudinal strain in systole

B: longitudinal strain in early diastole

C: longitudinal strain in late diastole

Fig. 1. Overview of the various parameters employed to assess RA size and function using contemporary echocardiography [24].
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musculature located in the apex of the Koch's triangle is not the target for
ablation of the so-called fast pathway [10].

3. Physiological function of the right atrium

Physiologically, the right atrium contributes to pulmonary hemo-
dynamics by modulating right ventricular filling through the interplay
of 3 main phases: 1) The reservoir phase, which acts as a “reservoir” for
systemic blood after tricuspid valve (TV) closure. This phase depends on
right ventricular (RV) longitudinal contraction, right atrium compliance
and caval venous return. An increase in this phase helps to increase RV
filling. 2) The conduit phase acts as a “conduit” for passive filling of the
vena cava after opening the TV. This phase is dependent on aging and RV
diastolic function. 3) The active contraction phase (when sinus rhythm
(SR) is present) acts as a “booster pump” for end-diastolic atrial
contraction to promote RV filling. This phase is dependent on atrial wall
contractile properties and ventricular end diastolic pressure.

4. RA size

Two-dimensional (2DE) and three-dimensional (3DE) echocardiog-
raphy are the most commonly employed noninvasive imaging tech-
niques to evaluate RA size [11-13]. Volumetric assessment of the RA
size may be more accurate than linear measurement because RA
enlargement is asymmetrical. Current American Society of Echocardi-
ography (ASE)/European Association of Cardiovascular Imaging
(EACVI) Recommendations suggest assessing RA volume in daily clinical
practice by 2DE using single plane area-length or the method of disks in
a dedicated apical four-chamber view [14].

Keller et al. [15] found higher absolute sex-specific RA mean volume
normal values of 46.9 ml in men and 33.6 ml in women. Lang et al. [14]
reported RA volume normal values normalized for BSA of 21 ml/m? in
women and 25 ml/m? in men. Body size is a determinant of RA size, and
absolute RA volumes are larger in men than in women; indexation to
body surface area (BSA) and height corrects for the effect of sex [14,15].
No significant age-related differences in 2D RAV measurements were
found for either sex. Considerable geographic variations in RA size and
function were identified. Asian individuals of both sexes had signifi-
cantly lower BSA than non-Asian individuals, and their 2D and three-
dimensional (3D) end-systolic RA volumes were significantly smaller
even after BSA indexing [16,17].In addition to sex and age, multivari-
able regression identified body mass index, coronary artery disease,
chronic heart failure and atrial fibrillation (AF) as independent key
correlates of the RA volume in both sexes [15].

Two-dimensional echocardiography evaluates right atrial size and
estimates the volume by making geometric assumptions. This approach
entails limitations in assessing the size of nonspherical atria. Addition-
ally, errors due to foreshortening and off-axis image planes are inherent
to 2DE. Despite these limitations, 2D parameters can be easily measured
and are an important part of echocardiographic assessment to obtain a
fast and simple impression of RA deviation.

3DE has many advantages over 2DE, such as the following: (1)
improved visualization of the complex shapes and spatial relationships
between cardiac structures; (2) improved quantification of cardiac vol-
umes and function; and (3) improved display and assessment of valve
dysfunction [18-20]. Using current 3DE technology (Fig. 1), real-time
three-dimensional imaging enables the acquisition of narrow pyrami-
dal datasets in a single heartbeat [21]. The availability of single-beat
acquisitions allows reliable RA 3DE quantification even in patients
with AF. Both semiautomated and fully automated contour detection
algorithms have good correlations with manual tracing, with significant
reduction in the analysis time and improved reproducibility [22]. The
major limitations at present are the limited spatial resolution of 3DE
data sets and the paucity of data for both normative values, as well as
prognostic value of 3DE RA volumes and phasic function indices.

Several studies have shown that 3DE RA phasic volumes are
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significantly larger than those calculated using 2DE [22-24](Table 1).
Peluso et al. [24] showed that indexed 3D volumes were significantly
larger in men than in women, suggesting the need for sex-specific
reference values. 3D RAV values differed minimally with age, remain-
ing significant after BSA indexing.

4.1. Take-home messages
4.1.1. Linear dimensions

Strengths: Easy to obtain and established normal values.
Weaknesses: Single dimension only and assumes that RA enlarge-
ment is symmetrical.

4.1.2. 2DE RA volumes

Strengths: Easy to perform, widely available, do not require specific
software, with a large body of both normative data and data
demonstrating prognostic value in various cardiac conditions.
Weaknesses: Underestimate the actual RA volume, needs dedicated
RA views, depends on geometric assumptions for volume calcula-
tions, and interobserver variability and repeatability are less
optimal.

4.1.3. 3DE RA volumes

Strengths: No geometric assumptions and therefore more accurate
volumes, can be used in AF, less interobserver variability and less
analysis time, ideal for serial measurements.

Weaknesses: Poor spatial resolution, require specific transducer for
image acquisition and particular software for measurements, and
lack of supporting normative and prognostic data.

5. RA pressures

Right atrial pressure (RAP) is a hemodynamic variable that provides
crucial diagnostic and prognostic information in both cardiovascular
and pulmonary disease patients [25-29]. Reference standard RAP is
measured employing right heart catheterization, but right heart cathe-
terization is unsuitable for regular serial assessment.

Previous echocardiographic methods to noninvasively determine
RAP include 2DE, Doppler, and tissue Doppler imaging (TDI) methods.
Additionally, myocardial deformation imaging has recently developed
and was proven to be an accurate indirect means to estimate RA
pressure.

Existing 2DE estimation methods center on IVC size and its collapse
following inspiration (Fig. 2). Current guidelines recommend estimating
right atrial pressure by the 3-8-15 mm Hg method [14]. In this
approach, the RAP is 3 mm Hg if the IVC diameter is <21 mm and the
diameter changes >50 % with sniffing; the RAP is 15 mm Hg if the IVC
diameter is >21 mm and the diameter changes <50 % with sniffing; if

Table 1

Comparison between 3DE and 2DE parameters of RA size and function [24].
Right atrial parameter RA size

3DE 2DE P-value

Maximal volume (ml) 52+ 15 41 £ 14 <0.0001
Minimal volume (ml) 19+8 17+7 <0.0001
PreA volume (ml) 28 +10 27 +11 <0.0001
Total EV (ml) 33+10 24 +£9 <0.0001
Passive EV (ml) 24 +9 14+7 <0.0001
ActEV (ml) 9+4 10+ 5 0.017
TotEF (%) 63+9 58+9 <0.0001
PassEF (%) 46 £ 11 34 £12 <0.0001
ActEF (%) 31+8 35+11 <0.0001

EV, emptying volume; EF, emptying fraction;



Z.-Y. Sun et al.

American Heart Journal Plus: Cardiology Research and Practice 27 (2023) 100274

Fig. 2. Cross-sectional echocardiograms of the IVC in the subcostal long-axis view at end-expiration (A) and during inspiration with or without sniff (B). RAP was
estimated by the respirophasic variation of the inferior vena cava diameter (IVCD) [30].

neither condition is satisfied, the RAP is 8 mm Hg. Body size, measured
as BSA, must be considered when the IVC diameter is used to assess RAP
[30,31]. Taniguchi et al®° found that the optimal cutoff point of the
maximal IVC diameter was 21 mm for patients with a larger BSA and 17
mm for those with a smaller BSA. However, the cutoff point of IVC
collapsibility was not influenced by the difference in BSA. It should be
noted that in normal young athletes, the IVC may be dilated in the
presence of normal pressure [14]. In addition, the IVC is commonly
dilated and may not collapse in patients on ventilators, so it should not
be routinely used in such cases to estimate RA pressure.

Estimated RA pressure based on IVC size and collapsibility has fairly
good correlations with invasively measured RA pressure, but there are
wide limits of variation around the regression line in many studies
limiting the utility in individual patients. Recently, the use of Superior
vena cava (SVC) flow evaluation from the subcostal window for esti-
mating RAP was recommended in the ASE guidelines [32]. RAP was
inversely correlated with the ratio of peak systolic to diastolic forward
SVC flows (SVC-S/D) (r = —0.50, P < 0.001), and was an independent
determinant of SVC-S/D after the adjustment for right ventricular sys-
tolic function (f = —0.48, P < 0.001) [33]. A cutoff value of 1.9 for SVC-
S/D showed 85 % sensitivity and 74 % specificity in identifying elevated
RAP. Additionally, SVC-S/D showed an incremental diagnostic value
combined with inferior vena cava size and collapsibility (P = 0.006)
[33]. Hence, the use of SVC flow may be an alternative to IVC param-
eters for RAP estimation in individuals in whom the IVC appears
enlarged despite low RAP.

The parameters for assessing RAP by Doppler and TDI methods
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included tricuspid E/€’ (Fig. 3), E/, A’ and E/A. The RV E/¢’ ratio, which
reflects the right ventricular filling pressure, is a surrogate of RAP [14].
When RV relaxation, compliance and filling pressures are normal,
normal myocardial function results in normal lateral e’ velocity, while
normal/low RAP results in low trans-tricuspid E velocity; the ratio be-
tween E and €’ is therefore low. However, when RV diastolic function is
impaired and filling pressures are increased, e’ velocities are reduced
because of impaired myocardial relaxation, while elevated RAP drives a
higher trans-tricuspid E velocity; the ratio between E and €’ is therefore
increased. Utsunomiya et al. [34] found that in 50 patients with a range
of etiologies of PH, an RV-E/e’ > 7.3 predicted mRAP>10 mm Hg with
87 % sensitivity and 97 % specificity. Hayabuchi et al. [35] found no
significant correlation between RV-E/e’ and mRAP in 25 asymptomatic
pediatric repaired Tetralogy of Fallot patients. Tsutsui et al. [36] found a
weak correlation between RV-E/e’ and RAP in a group of 71 patients
with acute decompensated heart failure(HF). In summary, several
studies involving PH or advanced HF/transplantation populations have
compared invasively measured RAP with RV-E/e’ estimated RAP. The
results showed a reasonable diagnostic ability of RV-E/¢’ for estimating
RAP in patients with coronary artery disease and RV systolic dysfunction
[34,37-39]. The diagnostic ability of RV-E/e’ was generally poor in
studies of pediatrics, heart failure and mitral stenosis [35,36,40], while
the results were equivocal in other diseases [41]. Bland-Altman analyses
showed good accuracy but poor precision of RV-E/¢’ for estimating RAP
[34,36]. This finding suggests that RV-E/e’ may be useful at a population
level but not at an individual level for clinical decision-making.

In 23 patients with PH and 20 patients with left heart failure,

Fig. 3. In patients in sinus rhythm, RAP was estimated by using the ratio of early tricuspid inflow and early diastolic tissue Doppler tricuspid annular velocities (E/

e’) [37].
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Watanabe et al. [28] evaluated five parameters, tricuspid E/A, E/, A/,
and E/€¢/, and the respirophasic variation of the inferior vena cava
diameter. They found that A’ was the most significant independent
predictor of catheterization-based RAP in patients with PH. In patients
with left heart failure, catheterization-based RAP was not correlated
with any of the 5 echocardiographic parameters. In addition, severe
tricuspid regurgitation and tricuspid annular descent may affect these
variables including tricuspid E/e/, E/, A’ and E/A, which reduces the
clinical utility of these parameters in assessing individual patients.

Studies have also investigated associations between the RA size and
invasive RAP (RAPpyasive) employing both 2DE and 3DE. RA size
assessment offers supportive evidence and may be of additional value to
identify elevated RAP. Ellen et al.'s [42] study showed that RA volume
assessed with 2DE or 3DE, as well as the RA area, has a better
discriminatory ability to detect mRAP above 8 mm Hg than either IVC
diameter or collapsibility in patients evaluated for PH. The optimal
threshold was 57 ml/m? for 3DE RAVmax and 36 ml/m? for 2DE
RAVmax.

5.1. Take-home messages
5.1.1. RA pressure estimates

Strengths: All spectral Doppler and RA deformation markers are
fairly accurate in predicting raised (>15 mm Hg) RA pressure.
Weaknesses: They are indirect measures based on pressure difference
between RA and RV. All predictors of raised RA pressure should be
taken in combination and in the context of increased RA volume.

6. RA function
6.1. Volumetric parameters of RA function

Phasic RA volumes are calculated by measuring RA volumes at
various times of the cardiac cycle (Table 1): RA maximal volume (Vpax)
is measured before TV opening, pre-A RA volume (Vpep) at the begin-
ning of the P wave on the electrocardiogram, and RA minimal volume
(Vmin) at the end of diastole (before TV closure). Using the RA volumes,
researchers calculated the total emptying volume (TotEV), which rep-
resents the RA reservoir function, as the difference between Vp,5x and
Vmin; passive EV (PassEV), which represents conduit function, as the
difference between Viax and Vprea; and active EV (ActEV), which cor-
responds to RA booster function, as the difference between Vjes and
Vmin [24,43]. Accordingly, the total emptying fraction (TotEF) was
TotEV/Viax, the passive EF (PassEF) was PassEV/Vp,.y, and the active
EF (ActEF) was ActEV/Vprea [24,43].

Theoretically, 2D echocardiography-based volumetric measure-
ments are possible using RA area and length data. 2DE calculation of RA
phasic volumes is time-consuming and prone to error because of the
need for three manual endocardial tracings of RA volumes at three
different phases of the cardiac cycle and limitation of geometric as-
sumptions concerning atrial shape. 3DE overcomes these limitations,
making the assessment of RA phasic volumes and function parameters
accurate and reproducible and less time-consuming (the endocardial
surface is automatically mapped by the algorithm) [22]. Reference
values of RA phasic function, measured by 3DE, have been reported.
TotEV, PassEV, TotEF, and PassEF obtained using 2DE were lower than
those obtained using 3DE [24,43] (Table 1).

Reference values for RA phasic function should be sex- and age-
specific [24,43]. Three-dimensional echocardiography RA TotEV, Pas-
sEV, and ActEV were higher in men, but these differences disappeared
after indexing for BSA. However , the 3DE RA TotEF, PassEF, and ActEF
were higher in women. TotEV did not change significantly with age, but
PassEV decreased and ActEV increased with age in both sexes. Similarly,
PassEF decreased with age, and ActEF increased with a mild decrease in
TotEF in both sexes [24]. These results are consistent with the
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documented age-related decrease in the tricuspid valve E/A ratio.
6.1.1. Take-home messages
6.1.1.1. 2DE volumetric phasic RA volumes.

Strengths: Do not require specific software, with a large body of
supporting data.

Weaknesses: Three separate manual tracings are required thereby
increasing errors, need focused RA views, geometric assumptions for
volume estimation, large interobserver and test/retest variability.

6.1.1.2. 3DE volumetric phasic RA volumes.

Strengths: Fully or semiautomated endocardial border tracings, less
interobserver variability and less analysis time.

Weaknesses: Require proprietary software packages, increased costs,
and others as mentioned in 3DE RA volumes.

6.2. Doppler parameter of RA function

The concept of the “atrial function index” was originally proposed in
2002 by Thomaset et al. [44] in patients with left-sided systolic heart
failure and is calculated as a ratio, including analogs of left atrial
reservoir function and size, as well as cardiac output. Following the left
heart failure paradigm, Sophia et al. [45] explored the prognostic sig-
nificance of the RA function index (RAFi). RAFi was calculated as (RA
emptying fraction x right ventricular outflow tract velocity-time inte-
gral)/(RA end-systolic volume index) (as shown in Fig. 4).They found
that RAFi was related to 6-minute walk distance (r = 0.37, P = 0.01),
while it showed a stronger negative correlation with NTproBNP (r =
0.62, P < 0.0001) and was a prognostic marker in patients with pre-
capillary PH. ROC analysis demonstrated that the optimal cutoff value of
RAFi for predicting death was 5.3 %, with sensitivity of 66.7 % and
specificity of 30% [45]. Therefore, RAFI, a simple parameter that re-
flects the RA size, reservoir function, and cardiac output in patients with
precapillary PH, may be more useful in routine clinical care. Further
studies are needed to validate RAFi and define its role in clinical
practice.

6.2.1. Take-home messages
6.2.1.1. RA function index.

Strengths: Does not require propriety software, can be used in non-
sinus rhythm, has functional and prognostic utility.

Weaknesses: Requires multiple parameters to be measured, rela-
tively few of published studies.

6.3. Strain parameters of RA function

Strain represents myocardial deformation, whereas the strain rate
represents the speed at which myocardial deformation occurs [46,47].
Strain measurements allow discrimination between active myocardial
deformation and passive wall motion and regional or segmental ven-
tricular strain differences can quantify intraventricular dyssynchrony
[48,49]. RA myocardial strain parameters obtained using 2D-STE
correlate with 3DE phasic volumetric parameters but are less load-
dependent [24]. RA strain parameters represent the physiology of
atrial function and are also closely related to RV mechanics during the
cardiac cycle [50,51].

Right atrial strain measurements can be obtained by either TDI, 2D-
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Fig. 4. Calculation of RAFi. RAFi calculation in a 54-year-old male patient with
idiopathic pulmonary arterial hypertension who was under double oral targeted
therapy [45]. Right atrial volumes were calculated using the single-plane area-
length method from the apical four-chamber views at end-diastole (A) and end-
systole (B). The VTI-RVOT was obtained from the parasternal short-axis view
(C). BSA, body surface area; RAEDV, RA end-diastolic volume; RAESV, RA end-
systolic volume.

STE, or, recently, 3DSTE (Fig. 5). TDI is a robust, easily available,
relatively reproducible technique. However, accurate data recording
requires a high frame rate, is angle dependent, and is affected by
translational movements and tethering [48,49]. Therefore, clinical
application is limited. 2DSTE is prominent because of its angle inde-
pendence compared with TDI, low load dependency compared with
volumetric methods in normal subjects, and relative resistance against
translational motion [52,53]. With 2D tracking, speckles are lost when
they move out of the imaging plane. The principal advantage of 3DSTE
over 2DSTE is that speckles can be followed in all directions [48,49].

Strain can be measured in any myocardial plane, but the only rec-
ommended strain parameter of RA function is the global longitudinal
strain [46]. In contrast to global longitudinal strain measurements,
segmental strain measurements continue to have a higher degree of
measurement variability between vendors, and test-retest variability is
also high [54]. The success of global strain is partly due to the benefit of
spatial averaging to control the impact of signal noise; this situation is
not available with regional strain. Trying to overcome signal noise with
smoothing may lead to a lower sensitivity toward small segments [54].
Therefore, single segmental strain measurements should be used only
with great caution [54]. More recently, the usefulness of 3DSTE in
assessing RA unidirectional, multidirectional as well as areal strain has
been demonstrated [55-59].
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Normal range values of RA strain parameters are essential to identify
normal and abnormal values, compare them with reference values, and
determine the clinical meaning of obtained values. However, significant
heterogeneity exists in the reported normal values of RA strain param-
eters because of the sample size, right atrial volume index (RAVi), sex,
heart rate, type of software, and method of global value calculation [53].
The development of a consensus approach by the EACVI/ASE/Industry
Task Force to standardize deformation imaging reduced the impact of
these differences [46,47].They recently published a consensus docu-
ment to standardize RA strain analysis and nomenclature by 2DSTE
[46]. For standardization purposes, the region of interest is contoured,
starting at the tricuspid valve annulus, along the endocardial border of
the RA lateral wall, RA roof, RA septal wall, and ending at the opposite
TA, and its thickness is reduced to fit the thin RA wall. For adequate
tracking, a dedicated RV-focused apical four-chamber view visualizing
the entire RA and optimization of the orientation, gain, and depth to
obtain nonforeshortened views of RA walls throughout the cardiac cycle
is recommended [46].

Padeletti et al. [60] provided the RA function data of 84 healthy
individuals. They reported that the RA global strain was 49 + 13 % in
this normal population sample, while the RA strain during late diastole
was 18 + 6.38 %. A meta-analysis of 2469 normal subjects [53] pro-
vided more robust reference ranges for RA strain parameters by 2DSTE.
The normal range values for RA strain and the strain rate were 42.7 %
(95 % CI, 39.4 to 45.9 %) and 2.1 5™ ' (95 % CI, 2.0 to 2.1 5™ ") during the
reservoir phase, respectively, 23.6 % (95 % CI, 20.7 to 26.6 %) and-1.9
s71 (95 % CI, —2.2 to —1.7 s™!) during the conduit phase, correspond-
ingly, and 16.1 % (95 % CI, 13.6 to 18.6 %) and —1.8 s~ (95 % CI, —2.0
to —1.5 s~1) during the contraction phase, respectively. Recently, The
World Alliance of Societies of Echocardiography has also reported age-
and sex normal reference values of RA strain parameters [20] (Table 2).
A prospective study [61] provided normal reference values for RA strain
parameters derived from 3DSTE and showed different behaviors of RA
strains compared with LA strains. RA strains show obvious sex de-
pendency, which could not be confirmed in LA strains [62,63]. How-
ever, further studies are needed to confirm these findings and further
assess RA strains in different pathological conditions [55-59].

According to some studies, the RA strain during the reservoir and
conduit phase were higher in women, while RA strain during late
diastole was similar in men and women [53,61]. Female individuals
have higher circumferential and areal strain values than men according
to 3DSTE [61]. Using 2D or 3DSTE, RA strain parameters reflecting
reservoir and conduit functions decrease with age, while reflecting
systolic function increases with age [53,61].

6.3.1. Take-home messages

6.3.1.1. Tissue Doppler-derived strain. Not to be used anymore due to
suboptimal reproducibility, angle-dependence, signal artifacts and the
fact that it only measures regional strain.

6.3.1.2. STE strain.

Strengths: Uses conventional grayscale four-chamber view, easy to
perform and highly reproducible, demonstrated prognostic value;
dedicated software packages are now available.

Weaknesses: They are currently measured using LV strain packages;
intervendor variability not yet assessed, Prognostic value still to be
defined in large multicenter studies.
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EDV 44.51 mL
ESV 23.66 mL
A 46.84 %

1.05*MV [17.76 g

406 msec
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Fig. 5. Images from three-dimensional (3D)
full-volume dataset showing the right
atrium (RA) in a healthy subject [61] are
demonstrated (a, b): a apical four-chamber
view, b apical two-chamber view, c1 para-
sternal short-axis view at basal, c2 mid- and
c3 superior RA levels. In d 3D reconstruction
of the RA based on 3D speckle tracking
echocardiographic analysis is presented. In e
RA volumetric data are demonstrated.
Colored lines represent segmental RA strains
while dashed white line represents RA vol-
ume changes over the cardiac cycle (f).
Yellow arrow represents peak RA strain,
while dashed arrow represents RA strain at
atrial contraction.

| 50.0
[Time: 406 msec

[mL]

Table 2
Age-dependency of RA strain parameters are listed for all subjects and for both sexes separately (mean + 1.96 * SD) [16].
All Subjects Males Females
18-40 years 41-65 years >65 years P 18-40 years 41-65 years >65 years P 18-40 years 41-65 years >65 years P
(N = 854) (N = 653) (N =501) (N = 435) (N = 344) (N = 254) (N = 419) (N = 309) (N = 247)
RA reservoir 52.3 £125 41.5 £10.7 38.4 + T 50.0 £11.9 40.9 £ 10.9 38.5 £ R 54.8 £12.7 42.1 £10.4 38.4 £ 9.5 T
strain (%) 10.6 11.5
RA conduit —225+ —-16.2 + —-13.2 + *# —21.4 + —15.6 + —13.4 + *H# —23.7 £ —-16.8 + —-129 + *#
strain (%) 6.8 6.0 6.0 6.2 6.0 6.1 7.3 5.9 5.9
RA contractile —30.0 + —25.6 = —25.5 + ** —28.8 + —25.6 + —25.4 = ** —-31.3+ —25.6 = —25.7 + **
strain (%) 10.2 8.5 9.1 9.4 8.8 9.4 10.9 8.2 8.9

P: * 18-40 vs 41-65; ~ 18-40 vs >65; # 41-65 vs >65.
7. RA function in common cardiovascular diseases
7.1. Pulmonary hypertension

The relaxation and distensibility of RA and right ventricular systolic
function are the most important factors affecting right atrial reservoir
function. In the early stage of PH, because of the increased right ven-
tricular systolic function, the passive dilatation of the right atrium is
enhanced by right ventricular systolic traction. Although right ventric-
ular systolic function is decreased with disease development, the right
atrial myocardium is particularly thin, has strong relaxation and

distensibility, and responds to overload with dilatation rather than hy-
pertrophy, compensating for the effect of decreased right ventricular
systolic function on right atrial reservoir function. Therefore, the general
trend of RA reservoir function is enhanced [64,65].

In the early stage of pulmonary hypertension, the RA conduit func-
tion was decreased because of RV afterload increment, hypertrophy of
the RV myocardium, delayed relaxation, decreased diastolic function,
and weakened suction of RV active dilation. Decreased RV diastolic
function results in decreased RV compliance, an increase in RV diastolic
pressure and therefore an increase in RA volume. Clinical studies have
revealed that the Frank-Starling mechanism operates in the right atrium
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of patients with chronic PH [66,67]. According to this law, the right
atrium increases its ejection force, resulting in enhanced active systolic
function.

In the early stage of PH, right atrial conduit function decreases, while
reservoir and systolic functions increase to maintain cardiac output
[64,65,68]. In advanced PH, as RV diastolic dysfunction progresses,
patients exhibit pseudonormal or restrictive filling, conduit function
increases, and reservoir and systolic functions decrease [69,70]. How-
ever, the shift from reservoir to conduit function was inadequate to
maintain cardiac output. In Sato and Gaynor's study [71,72], the cardiac
output was inversely related to the conduit-to-reservoir ratio, increasing
as the reservoir contribution increased (P = 0.03).

Right atrial dilatation and increased RA pressure are associated with
adverse outcomes in patients with PH. A recent study [70] showed that
clinical deterioration is better associated with right atrial rather than
right ventricular remodeling. In a prospective observational study,
Fawaz Alenezi et al. [73] found that RA dysfunction, as assessed by the
RA reservoir, conduit, and active contraction, is an independent pre-
dictor of mortality and hospitalizations in PH. An echocardiographic
retrospective study involving 37 patients with PH [74] showed that RA
reservoir function, was significantly lower in patients with clinical
worsening during follow-up. Sato et al. [75] observed that the RA vol-
ume and reservoir function and their combined use with RV are novel
predictors of clinical worsening in patients with precapillary PH. A
recent study involving 160 patients with different forms of PH (Groups 1
to 5) [76] showed that a decreased RA emptying fraction (calculated as
the maximum minus minimum RA volume on cardiac magnetic reso-
nance imaging) is independently associated with worse survival after
adjusting for other risk factors. Additionally, right atrial peak atrial
longitudinal strain (PALS) is a valuable factor for predicting the func-
tional status and exercise capacity in PH patients. A study with 2DSTE
[70] showed that right atrial PALS was significantly lower in PH patients
than in controls and gradually reduced with the development of cardiac
insufficiency. A significantly positive correlation between global PALS
and the 6-minute walk distance was found (P = 0.003).

7.2. Myocardial infarction

The effect of myocardial infarction on right atrial function varies
depending on the location of infarction. When right ventricular
myocardial infarction occurs, right ventricular diastolic function is
reduced, followed by decreased systolic function [77]. Impaired RV
diastology and chronic RA pressure overload lead to impaired right
atrial compliance and decreased right atrial reservoir and conduit
functions. As a compensatory mechanism, RA booster pump function is
enhanced to ensure RV filling [78]. Evaluation of right atrial function by
2DSTE in patients with inferior myocardial infarction (INFMI) and pa-
tients affected by both INFMI and right ventricular myocardial infarc-
tion (RVMI) by Nourian et al. [79] demonstrated that right atrial
reservoir and conduit functions were impaired in patients with INFMI
and RVMI compared with those with INFML Right atrial early diastolic
longitudinal strain <27.5 % showed 59.3 % sensitivity and 79.1 %
specificity to discriminate INFMI and RVMI from INFML

Although acute myocardial infarction mostly comprises ventricular
infarction, it can still involve the atria and is not rare. In 1942, Cushing
et al. [80] published the clinical data and pathology findings from 182
patients who died because of ventricular myocardial infarction. Atrial
infarction was demonstrated in 17 % of the patients: 27 in the right
atrium and 4 in the left atrium. In contrast to ventricular infarction, most
of the atrial infarctions involve the right atrium versus the left atrium. A
review of case series showed that the right atrium is involved in 81 % to
98 % of cases, and the left atrium is involved in only 2 to 19% [81,82].
The considerably higher oxygen content of left atrial blood may explain
the difference in incidence between right and left atrial infarction.
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7.3. Atrial fibrillation

Histological studies of RA myocardium in AF show the same sub-
strate of patchy fibrosis, inflammatory cell infiltrate, necrosis, and
vascular degeneration [83-86], as seen in the left atrium. Similar elec-
trical remodeling with downregulation of L-type calcium currents (lcal)
and Ca(2+)-ATPase is also observed in both atria of patients with
paroxysmal and persistent AF [87-89]. An electrophysiology study [90]
with detailed biatrial electroanatomic mapping has demonstrated that
AF is associated with remodeling processes affecting both atria. The
observed RA remodeling could be an accurate correlate of LA remod-
eling [90].

AF causes biatrial enlargement, and the restoration of SR after
ablation or cardioversion leads to biatrial reverse remodeling. Akutsu
et al. [91] showed an association with RA remodeling, and AF recur-
rence and the RA and LA volumes (>87 and >97 ml, respectively) were
predictive of AF recurrence postcatheter ablation. In a study by Ther-
kelsen et al. [92], only the RA volume was normalized 180 days after
cardioversion compared with that in healthy volunteers. This finding
may highlight the greater and faster ability of the right atrium to reverse
structural remodeling. Using 3DE and strain analysis, Soulat-Dufour
et al. [93] evaluated reverse biatrial remodeling in patients with AF
who were successfully cardioverted. Remodeling of the structure and
function was observed, with a significant decrease in the biatrial 3D
volume and a significant improvement in the biatrial global reservoir
strain, 3D right atrial emptying fraction and 3D right atrial expansion
index. Govindan et al. [94] demonstrated that RA and RV deformation
properties are significantly impaired in patients with recurrent AF
compared with those who maintain SR for up to 12 months, and a higher
RA booster strain independently predicted SR maintenance for up to 12
months.

Additionally, RA dysfunction may cause postoperative atrial fibril-
lation (POAF) development. A study of 142 consecutive patients un-
dergoing coronary artery bypass surgery [95] found that RA dilatation
and remodeling were involved in the development of POAF, and the
screening of RA functions before surgery may be useful for preventing
AF development. Aksu et al. [95] demonstrated that RAVi and right
atrial strain during the reservoir phase were independent predictors of
AF development and recommended using RAVi for predicting POAF
development.

7.4. Atrial functional tricuspid regurgitation

Functional tricuspid regurgitation (FTR) has been considered to be
secondary to TA dilation and leaflet tethering, associated to RV dilation
and/or dysfunction (the “classical”, ventricular form of FTR, V-FTR) for
a long time. Atrial FTR (A-FTR) has recently emerged as a distinct
pathophysiological entity. A-FTR typically occurs in patients with
persistent/permanent AF, in whom the main mechanisms leading to
regurgitation are supposed to be the dilation and the decrease of the
sphincter-like function of the TA, associated to a dilation of the right
atrium and an imbalance in the ratio between TA and leaflet areas
[96-98].

The tricuspid valve is a complex structure that includes the TA, the
TV leaflets, and a sub-valvular apparatus (chordae and papillary mus-
cles). The healthy TA has a dynamic, 3D saddle-shaped elliptical ge-
ometry [99-102], characterized by higher antero-septal and postero-
lateral parts and lower antero-lateral and postero-septal parts [102].
Both the anatomic integrity of the TV apparatus and the normal shape
and function of the right heart chambers are needed for the correct
functioning of the valve [99,100,103].

The size of the TA is larger during diastole and smaller during systole.
In pathological conditions of TA dilation, it tends to become more planar
and circular [99]. The anterior and posterior parts of the TA are
muscular, whereas the septal part is more fibrous. Consequently, the
portion of the TA that is the least involved in the remodeling process is
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the septal one, the dilation mostly occurring in the antero-posterior di-
rection, and leading to the progressive distancing of the aortic valve and
the antero-posterior commissure [99].

Several studies have elegantly described the pathophysiological
mechanisms of A-FTR (previously-referred to as “idiopathic” or “iso-
lated” TR). A-FTR is characterized by TA remodeling associated with RA
enlargement, and normal/mildly abnormal RV size and function, espe-
cially in the initial stages of the disease [104]. Yamasaki et al. [105]
hypothesized that severe A-FTR is caused by the loss of systolic leaflet
coaptation due to the TA dilation associated with RA enlargement.
Muraru et al. [97,106] demonstrated that AF may cause FTR by affecting
the geometry of the TA through the remodeling of the RA. Guta et al.
[96] have further contributed to understanding the pathophysiology of
A-FTR by showing that RA minimum volume is the main determinant of
TA area at end-diastole in AF patients, and that it determines A-FTR
severity, while leaflet tethering plays a far less important role in the
process. Furthermore, Utsunomiya et al. [107] reported that TA area
was more closely correlated with RA maximum volume than with RV
end-systolic volume in AF patients, and that the only predictor of A-FTR
severity was TA area at mid-systole. In contrast, Najib et al. [108]
showed that both RA and RV volumes were independent predictors of
the development of severe FTR in AF patients. RV enlargement is usually
detected in more advanced stages of A-FTR, with longer disease pro-
gression, as the dilation of the RV is usually a late event in A-FTR, as
reported by Nemoto et al. [109].

However, TA dilation secondary to RA remodeling in patients with
persistent/permanent AF is not always associated with the development
of significant FTR, and with the same extent of RA and TA dilation,
different degrees of FTR may be observed [110]. This may be related to
differential TV leaflet remodeling, similar to that described in V-FTR
[111,112]. Afilalo et al. [111] demonstrated that in V-FTR, TV leaflets
remodel by increasing their area and that both the occurrence and
severity of FTR are related to the extent of leaflet adaptation to increased
TA area expressed as TV leaflet area-to-closure area ratio. The difference
between the extent of TV leaflet areas adaptation in response to TA and
RA dilation could be a key factor in the pathophysiological cascade that
leads to the development and progression of A-FTR. Moreover, Utsu-
nomiya et al. [113] showed that the posterior dilation of the RA that
causes posterior TV plane displacement is not efficiently compensated
by the TV leaflet adaptation. These mechanisms might explain why
despite similar extent of RA dilation, some of the patients present with
only trivial/mild A-FTR [96].

Although still under development and underused in clinical practice,
TV interventions should be considered in patients with severe symp-
tomatic FTR, in the absence of severe left ventricular or RV dysfunction,
or severe PH [114,115], and In a recent study, patients with severe FTR
treated with the transcatheter tricuspid valve interventions had better 1
year prognosis compared to patients undergoing only medical treatment
[116]. According to current guidelines [117,118], RV dilation is a cri-
terion for severe FTR. However, Florescu et al. [119] found that patients
with severe A-FTR may have normal RV size, or on the contrary, patients
with less than severe FTR might have dilated RV. Accordingly, in A-FTR
the absence of RV dilation should not be considered an indicator of
milder degrees of FTR. Moreover, FTR severity is not linearly associated
with prognosis [120], demonstrating that the recommended indications
for TV interventions should take into consideration the etiology of FTR
[117]. Wang et al. [121] demonstrated that catheter ablation (CA) for
AF and SR maintenance lead to TR improvement in FTR patients without
significant TV tethering (tethering height < 6 mm). Itakura et al. [122]
showed how the reduction in RA size following the restoration of SR by
CA correlated with the decrease in FTR severity in patients with
persistent AF. However, although cardioversion and/or ablation of AF
might be beneficial in patients with A-FTR, these therapies should not
delay the referral for intervention in patients with indications [117].
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8. Conclusion

RA measurements have been limited to evaluating the RA size, whose
assessment may be limited by load dependence and geometric as-
sumptions. Additionally, right atrial dysfunction may be detected in
patients with a normal right atrial size. However, various echocardio-
graphic parameters of RA function have been proven to be valuable
predictors of early cardiac impairment, primarily in patients with RV
pressure and/or volume overload. Emerging data support the role of
phasic RA volumes and RA phasic function, utilizing strain analysis.
How and when to incorporate these various indices of RA function into
clinical practice remains uncertain. While more comprehensive
normative data and robust evidence of the prognostic usefulness of the
newer techniques, including 3DE and strain analysis, are warranted,
evaluating not only the RA volume but also RA function parameters will
be included in future guidelines to assess patients.
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