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EXECUTIVE SUMMARY

The right ventricle plays an important role in the morbidity and mor-
tality of patients presenting with signs and symptoms of cardiopulmo-
nary disease. However, the systematic assessment of right heart
function is not uniformly carried out. This is due partly to the enor-
mous attention given to the evaluation of the left heart, a lack of famil-
iarity with ultrasound techniques that can be used in imaging the right
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heart, and a paucity of ultrasound studies providing normal reference
values of right heart size and function.

In all studies, the sonographer and physician should ex-
amine the right heart using multiple acoustic windows,
and the report should represent an assessment based on
qualitative and quantitative parameters. The parameters
to be performed and reported should include a measure
of right ventricular (RV) size, right atrial (RA) size, RV sys-
tolic function (at least one of the following: fractional area
change [FACI, §', and tricuspid annular plane systolic ex-
cursion [TAPSE]; with or without RV index of myocardial
performance [RIMP]), and systolic pulmonary artery (PA)
pressure (SPAP) with estimate of RA pressure on the basis
of inferior vena cava (IVC) size and collapse. In many con-
ditions, additional measures such as PA diastolic pressure
(PADP) and an assessment of RV diastolic function are indi-
cated. The reference values for these recommended mea-
surements are displayed in Table 1. These reference values
are based on values obtained from normal individuals
without any histories of heart disease and exclude those
with histories of congenital heart disease. Many of the rec-
ommended values differ from those published in the previ-
ous recommendations for chamber quantification of the
American Society of Echocardiography (ASE). The current
values are based on larger populations or pooled values
from several studies, while several previous normal values
were based on a single study. It is important for the inter-
preting physician to recognize that the values proposed
are not indexed to body surface area or height. As a result,
it is possible that patients at either extreme may be misclas-
sified as having values outside the reference ranges. The
available data are insufficient for the classification of the
abnormal categories into mild, moderate, and severe.
Interpreters should therefore use their judgment in deter-
mining the extent of abnormality observed for any given
parameter. As in all studies, it is therefore critical that all in-
formation obtained from the echocardiographic examina-
tion be considered in the final interpretation.

Essential Imaging Windows and Views

Apical 4-chamber, modified apical 4-chamber, left parasternal long-
axis (PLAX) and parasternal short-axis (PSAX), left parasternal RV
inflow, and subcostal views provide images for the comprehensive as-
sessment of RV systolic and diastolic function and RV systolic pressure
(RVSP).

Right Heart Dimensions. Rv DIMENSION. RV dimension is best es-
timated at end-diastole from a right ventricle—focused apical 4-cham-
ber view. Care should be taken to obtain the image demonstrating the
maximum diameter of the right ventricle without foreshortening
(Figure 6). This can be accomplished by making sure that the crux
and apex of the heart are in view (Figure 7). Diameter > 42 mm
at the base and > 35 mm at the mid level indicates RV
dilatation. Similarly, longitudinal dimension > 86 mm
indicates RV enlargement.

RA DIMENSION. The apical 4-chamber view allows estimation of the
RA dimensions (Figure 3). RA area > 18 cm?, RA length
(referred to as the major dimension) > 53 mm, and RA di-
ameter (otherwise known as the minor dimension) > 44
mm indicate at end-diastole RA enlargement.
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Abbreviations

ASE = American Society of Echocardiography
AT = Acceleration time

EF = Ejection fraction

ET = Ejection time

FAC = Fractional area change

IVA = Isovolumic acceleration

IVC = Inferior vena cava

IVCT = Isovolumic contraction time

IVRT = Isovolumic relaxation time

MPI = Myocardial performance index

MRI = Magnetic resonance imaging

LV = Left ventricle

PA = Pulmonary artery

PADP = Pulmonary artery diastolic pressure
PH = Pulmonary hypertension

PLAX = Parasternal long-axis

PSAX = Parasternal short-axis

PVR = Pulmonary vascular resistance

RA = Right atrium

RIMP = Right ventricular index of myocardial performance
RV = Right ventricle

RVH = Right ventricular hypertrophy

RVOT = Right ventricular outflow tract

RVSP = Right ventricular systolic pressure
SD = Standard deviation

SPAP = Systolic pulmonary artery pressure
TAM = Tricuspid annular motion

TAPSE = Tricuspid annular plane systolic excursion
3D = Three-dimensional

TR = Tricuspid regurgitation

2D = Two-dimensional

RV OUTFLOW TRACT (RvOT) DIMENSION. The left PSAX view demon-
strating RVOT at the level of the pulmonic valve yields the “distal
diameter” (Figure 8C), while the left PLAX view allows for the mea-
surement of the proximal portion of the RVOT, also referred to as
“proximal diameter” (Figure 8A). Diameter > 27 mm at end-dias-
tole at the level of pulmonary valve insertion (“distal diam-
eter”) indicates RVOT dilatation.

RV WALL THICKNESS. RV wall thickness is measured in diastole, pref-
erably from the subcostal view, using either M-mode or two-dimen-
sional (2D) imaging (Figure 5). Alternatively, the left parasternal
view is also used for measuring RV wall thickness. Thickness > 5
mm indicates RV hypertrophy (RVH) and may suggest RV
pressure overload in the absence of other pathologies.
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Table 1 Summary of reference limits for recommended
measures of right heart structure and function

Variable Unit Abnormal lllustration
Chamber dimensions
RV basal diameter cm >4.2 Figure 7
RV subcostal cm >0.5 Figure 5
wall thickness
RVOT PSAX cm >2.7 Figure 8
distal diameter
RVOT PLAX proximal cm >3.3 Figure 8
diameter
RA major dimension cm >5.3 Figure 3
RA minor dimension cm >4.4 Figure 3
RA end-systolic area cm? >18 Figure 3
Systolic function
TAPSE cm <1.6 Figure 17
Pulsed Doppler peak cm/s <10 Figure 16
velocity at the annulus
Pulsed Doppler MPI — >0.40 Figure 16
Tissue Doppler MPI — >0.55 Figures 16 and 18
FAC (%) % <35 Figure 9
Diastolic function
E/A ratio — <0.8 or >2.1
E/E' ratio — >6
Deceleration time (ms) ms <120

FAC, Fractional area change; MPI, myocardial performance index;
PLAX, parasternal long-axis; PSAX, parasternal short-axis; RA, right
atrium; RV, right ventricle; RVD, right ventricular diameter; RVOT,
right ventricular outflow tract; TAPSE, tricuspid annular plane
systolic excursion.

IVC DIMENSION. The subcostal view permits imaging and measure-
ment of the IVC and also assesses inspiratory collapsibility. [VC diam-
eter should be measured just proximal to the entrance of hepatic
veins (Figure 4). For simplicity and uniformity of reporting,
specific values of RA pressure, rather than ranges, should
be used in the determination of SPAP. IVC diameter = 2.1
cm that collapses >50% with a sniff suggests normal RA
pressure of 3 mm Hg (range, 0-5 mm Hg), whereas IVC di-
ameter > 2.1 cm that collapses < 50% with a sniff suggests
high RA pressure of 15 mm Hg (range, 10-20 mm Hg). In
scenarios in which IVC diameter and collapse do not fit
this paradigm, an intermediate value of 8 mm Hg (range,
5-10 mm Hg) may be used or, preferably, other indices of
RA pressure should be integrated to downgrade or upgrade
to the normal or high values of RA pressure. It should be noted
that in normal young athletes, the [VC may be dilated in the presence
of normal pressure. In addition, the [IVC is commonly dilated and may
not collapse in patients on ventilators, so it should not be used in such
cases to estimate RA pressure.

RV Systolic Function. RV systolic function has been evaluated us-
ing several parameters, namely, RIMP, TAPSE, 2D RV FAC, 2D RV
ejection fraction (EF), three-dimensional (3D) RV EF, tissue
Doppler—derived tricuspid lateral annular systolic velocity (S'), and
longitudinal strain and strain rate. Among them, more studies have
demonstrated the clinical utility and value of RIMP, TAPSE, 2D
FAC, and S’ of the tricuspid annulus. Although 3D RV EF seems to
be more reliable with fewer reproducibility errors, there are insuffi-
cient data demonstrating its clinical value at present.
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RIMP provides an index of global RV function. RIMP > 0.40 by
pulsed Doppler and > 0.55 by tissue Doppler indicates RV dys-
function. By measuring the isovolumic contraction time (IVCT), iso-
volumic relaxation time (IVRT), and ejection time (ET) indices from
the pulsed tissue Doppler velocity of the lateral tricuspid annulus,
one avoids errors related to variability in the heart rate. RIMP can
be falsely low in conditions associated with elevated RA pressures,
which will decrease the IVRT.

TAPSE is easily obtainable and is a measure of RV longitudinal
function. TAPSE < 16 mm indicates RV systolic dysfunction. It is
measured from the tricuspid lateral annulus. Although it measures
longitudinal function, it has shown good correlation with techniques
estimating RV global systolic function, such as radionuclide-derived
RV EF, 2D RV FAC, and 2D RV EE

Two-dimensional FAC (as a percentage) provides an estimate
of RV systolic function. Two-dimensional FAC < 35% indicates
RV systolic dysfunction. It is important to make sure that the entire
right ventricle is in the view, including the apex and the lateral wall
in both systole and diastole. Care must be taken to exclude trabecu-
lations while tracing the RV area.

S’ is easy to measure, reliable and reproducible. S’ velocity < 10
cm/s indicates RV systolic dysfunction. S’ velocity has been shown to
correlate well with other measures of global RV systolic function. It is
important to keep the basal segment and the annulus aligned with the
Doppler cursor to avoid errors.

RV Diastolic Dysfunction. Assessment of RV diastolic function is
carried out by pulsed Doppler of the tricuspid inflow, tissue Doppler
of the lateral tricuspid annulus, pulsed Doppler of the hepatic vein,
and measurements of [VC size and collapsibility. Various parameters
with their upper and lower reference ranges are shown in Table 1.
Among them, the E/A ratio, deceleration time, the E/¢’ ratio, and
RA size are recommended. Note that these parameters should be ob-
tained at end-expiration during quiet breathing or as an average of =5
consecutive beats and that they may not be valid in the presence of
significant tricuspid regurgitation (TR).

GRADING OF RV DIASTOLIC DYSFUNCTION. A tricuspid E/A ratio < 0.8
suggests impaired relaxation, a tricuspid E/A ratio of 0.8 to 2.1
with an E/e’ ratio > 6 or diastolic flow predominance in the he-
patic veins suggests pseudonormal filling, and a tricuspid E/A ratio
> 2.1 with deceleration time < 120 ms suggests restrictive filling.

Pulmonary Systolic Pressure/RVSP. TR velocity reliably per-
mits estimation of RVSP with the addition of RA pressure, assuming
no significant RVOT obstruction. It is recommended to use the RA
pressure estimated from IVC and its collapsibility, rather than arbi-
trarily assigning a fixed RA pressure. In general, TR velocity > 2.8
to 2.9 m/s, corresponding to SPAP of approximately 36
mm Hg, assuming an RA pressure of 3 to 5 mm Hg, indicates
elevated RV systolic and PA pressure. SPAP may increase, however,
with age and in obesity. In addition, SPAP is also related to stroke vol-
ume and systemic blood pressure. Elevated SPAP may not always in-
dicate increased pulmonary vascular resistance (PVR). In general,
those who have elevated SPAP should be carefully evaluated. It is im-
portant to take into consideration that the RV diastolic function pa-
rameters and SPAP are influenced by the systolic and diastolic
function of the left heart. PA pressure should be reported along
with systemic blood pressure or mean arterial pressure.

Because echocardiography is the first test used in the evaluation of
patients presenting with cardiovascular symptoms, it is important to
provide basic assessment of right heart structure and function, in ad-
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dition to left heart parameters. In those with established right heart
failure or pulmonary hypertension (PH), further detailed assessment
using other parameters such as PVR, can be carried out.

OVERVIEW

The right ventricle has long been neglected, yet itis RV function that is
strongly associated with clinical outcomes in many conditions.
Although the left ventricle has been studied extensively, with estab-
lished normal values for dimensions, volumes, mass, and function,
measures of RV size and function are lacking. The relatively predict-
able left ventricular (LV) shape and standardized imaging planes
have helped establish norms in LV assessment. There are, however,
limited data regarding the normal dimensions of the right ventricle,
in part because of its complex shape. The right ventricle is composed
of 3 distinct portions: the smooth muscular inflow (body), the outflow
region, and the trabecular apical region. Volumetric quantification of
RV function is challenging because of the many assumptions re-
quired. As a result, many physicians rely on visual estimation to assess
RV size and function.

The basics of RV dimensions and function were included as part of
the ASE and European Association of Echocardiography recommen-
dations for chamber quantification published in 2005.! This docu-
ment, however, focused on the left heart, with only a small section
covering the right-sided chambers. Since this publication, there have
been significant advances in the echocardiographic assessment of
the right heart. In addition, there is a need for greater dissemination
of details regarding the standardization of the RV echocardiographic
examination.

These guidelines are to be viewed as a starting point to establish
a standard uniform method for obtaining right heart images for assess-
ing RV size and function and as an impetus for the development of
databases to refine the normal values. This guidelines document is
not intended to serve as a detailed description of pathology affecting
the right heart, although the document contains many references that
describe RV pathologic conditions and how they affect the measure-
ments described.

The purposes of this guidelines document are as follows:

1. Describe the acoustic windows and echocardiographic views required for
optimal evaluation of the right heart.

2. Describe the echocardiographic parameters required in routine and di-
rected echocardiographic studies and the views to obtain these parameters
for assessing RV size and function.

3. Ciritically assess the available data from the literature and present the advan-
tages and disadvantages of each measure or technique.

4. Recommend which right-sided measures should be included in the stan-
dard echocardiographic report.

5. Provide revised reference values for right-sided measures with cutoff limits
representing 95% confidence intervals based on the current available liter-
ature.

METHODOLOGY IN THE ESTABLISHMENT OF REFERENCE
VALUE AND RANGES

An extensive systematic literature search was performed to identify all
studies reporting echocardiographic right heart measurements in nor-
mal subjects. These encompassed studies reporting normal reference
values and, more commonly, studies reporting right heart size and
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Figure 1 Views used to perform comprehensive evaluation of the right heart. Each view is accompanied by uses, advantages, and
limitations of that particular view. Ao, aorta; ASD, atrial septal defect; CS, coronary sinus; EF, ejection fraction; EV, Eustachian valve;
LA, left atrium; LV, left ventricle; MV, mitral valve; PA, pulmonary artery; PFO, patent foramen ovale; PM, papillary muscle; RA, right
atrium; RV, right ventricle; RVOT, right ventricular outflow tract; U/S, ultrasound.
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Figure 1 continued

function in patients with specific disease states (eg, chronic obstructive
pulmonary disease) versus normal healthy controls. In the latter, only
the control group was used in the determination of normal values. It is
important to note that these reference values are based on values ob-
tained from normal individuals without any history of heart disease and
exclude those with history of congenital heart disease. For each
measurement, the mean value and standard deviation (SD) were ex-
tracted, ensuring that the technique used to obtain the measurement
was comparable between studies. Individual patient data were not
available and therefore not extracted. The mean values and SDs
were pooled and weighted to take into account study size and inter-
study variability, as is typical for random-effects meta-analyses. The
meta-analysis yielded a pooled estimate for the mean value, a pooled
estimate for the lower reference value (ie, mean value — 2 SDs), and
a pooled estimate for the upper reference value (ie, mean value + 2
SDs). In addition, 95% confidence intervals surrounding the mean
and upper and lower reference values were calculated to add further
insight into the robustness of the reference values. Reference values
were reviewed by the writing group members to ensure that they
were in accordance with clinical experience, and select measures
were further discussed with outside experts. Our document therefore
reports the mean values along with the upper and lower reference
values in a normal population, each with 95% confidence intervals.
Because patient-level data were not available, it is not possible to de-
fine cutoffs for body surface area, gender, or ethnicity. As a result,
a value may fall within the 95% confidence interval for a given pa-
tient, but this value may still be abnormal for that patient, or vice versa.
Similarly, patient-level data were not available to divide the abnormal
categories into mild, moderate, and severe degrees of abnormality.
Interpreters should therefore use their judgment in determining the
extent of abnormality observed for any given parameter. In the rare
situation in which insufficient data were available to perform the anal-
ysis described above, but the committee believed that guidelines were
required (eg, estimation of RA pressure), current data were reviewed
and a consensus put forth on the basis of the best available data. Many
of the values provided in this document are significantly different
from those provided in the ASE’s guidelines on chamber quantifica-
tion published in 2005.! The prior document’s normal values were
often based on limited data, at times from a single small study.

Journal of the American Society of Echocardiography
July 2010

Readers are therefore encouraged to use the normal values provided
in the current document in the assessment and reporting on right
heart size and function.

ACOUSTIC WINDOWS AND ECHOCARDIOGRAPHIC VIEWS
OF THE RIGHT HEART

To differentiate normal RV structure and function from abnormal and
to assess RV size, volume, and contractility, a complete set of stan-
dardized views must be obtained (Figure 1). These include PLAX, par-
asternal RV inflow, PSAX, apical 4-chamber, right ventricle—focused
apical 4-chamber (Figure 6), and subcostal views. It is important
to use all available views, because each view adds complementary
information, permitting a more complete assessment of the different
segments of the right heart chambers. This pertains to the evaluation
of both structure and function. For the estimation of RVSP, it is par-
ticularly important to interrogate TR by continuous-wave Doppler
from all views, because the maximal velocity depends on optimal
alignment with the jet. When there are discrepancies in structure
and function between different views, the interpreting physician
must integrate all information contained within the echocardio-
graphic study to synthesize a global assessment of the right heart.
Figure 1 details the standardized right heart views, along with the
structures identified in each view.

NOMENCLATURE OF RIGHT HEART SEGMENTS AND
CORONARY SUPPLY

The right coronary artery is the primary coronary supply to the right
ventricle via acute marginal branches. In the setting of acute myocar-
dial infarction, in general, the more proximal the occlusion, the
more RV myocardium will be affected. In cases of the posterior de-
scending artery occlusion, if there is RV involvement, it may be lim-
ited to a portion of the RV inferior wall only, best seen in the RV
inflow view. The posterior descending artery gives off perpendicular
branches. These posterior septal perforators typically supply the pos-
terior one third of the ventricular septal wall.?> The blood supply to
the moderator band arises from the first septal perforating branch of
the left anterior descending coronary artery. This distribution of
blood supply may become relevant in cases of alcohol septal
ablation. In 30% of hearts, the conus artery arises from a separate
coronary ostium and supplies the infundibulum. It may serve as
a collateral to the anterior descending artery.® In <10% of hearts,
posterolateral branches of the left circumflex artery supply a portion
of the posterior RV free wall.*> The left anterior descending artery
may supply a portion of the RV apex, and this segment may be
compromised in some cases of left anterior descending artery
infarction. In addition, there are certain nonischemic diseases that
may be associated with regional wall motion abnormalities of the
right ventricle.

CONVENTIONAL TWO-DIMENSIONAL ASSESSMENT OF
THE RIGHT HEART

A. Right Atrium

The right atrium assists in filling the right ventricle by (1) acting as a res-
ervoir for systemic venous return when the tricuspid valve is closed,
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Figure 2 Segmental nomenclature of the right ventricular walls, along with their coronary supply. Ao, Aorta; CS, coronary sinus; LA,
left atrium; LAD, left anterior descending artery; LV, left ventricle; PA, pulmonary artery; RA, right atrium; RCA, right coronary artery;

RV, right ventricle; RVOT, right ventricular outflow tract.

(2) acting as a passive conduit in early diastole when the tricuspid
valve is open, and (3) acting as an active conduit in late diastole during
atrial contraction.® To date, only a few studies have focused on the
role of the right atrium in disease states.

RA area was a predictor of mortality or transplantation in a study of
25 patients with primary PH. RA dilatation was documented in pa-
tients with atrial arrhythmias by both 2D and 3D echocardiography,”
and reverse remodeling occurred following radiofrequency ablation
treatment of atrial fibrillation.®

The primary transthoracic window for imaging the right atrium is
the apical 4-chamber view. From this window, RA area is estimated
by planimetry.” The maximal long-axis distance of the right atrium
is from the center of the tricuspid annulus to the center of the superior
RA wall, parallel to the interatrial septum. A mid-RA minor distance is
defined from the mid level of the RA free wall to the interatrial sep-
tum, perpendicular to the long axis. RA area is traced at the end of
ventricular systole (largest volume) from the lateral aspect of the tri-
cuspid annulus to the septal aspect, excluding the area between the
leaflets and annulus, following the RA endocardium, excluding the
IVC and superior vena cava and RA appendage (Figure 3).> Note
that RA dimensions can be distorted and falsely enlarged in patients
with chest and thoracic spine deformities.

Normal values for major and minor dimensions and end-systolic
area on transthoracic echocardiography are shown in Table 2.

Advantages: RA dimensions and area are easily obtained on an
apical 4-chamber view and are markers of RA dilatation.

Disadvantages: RA area is a more time-consuming measure-
ment than linear dimensions alone but is a better indicator for RV
diastolic dysfunction.

Recommendations: Images adequate for RA area estima-
tion should be obtained in patients undergoing evaluation
for RV or LV dysfunction, using an upper reference limit
of 18 cm?. RA dimensions should be considered in all pa-
tients with significant RV dysfunction in whom image qual-

ity does not permit for the measurement of RA area. Upper
reference limits are 4.4 and 5.3 cm for minor-axis and
major-axis dimensions, respectively (Table 2). Because of
the paucity of standardized RA volume data by 2D echocar-
diography, routine RA volume measurements are not
currently recommended.

RA Pressure. RA pressure is most commonly estimated by IVC di-
ameter and the presence of inspiratory collapse.” As RA pressure in-
creases, this is transmitted to the IVC, resulting in reduced collapse
with inspiration and I[VC dilatation. Combining these two parameters
results in a good estimation of RA pressure within a limited number of
ranges in a majority of patients. Traditional cutoff values for IVC diam-
eter and collapse have recently been revisited, acknowledging that
these parameters perform well when estimating low or high RA pres-
sures and less well in intermediate values.'® Secondary indices of RA
pressure may be useful in such scenarios to further refine estimates. In
patients being ventilated using positive pressure, the degree of IVC
collapse cannot be used to reliably estimate RA pressure, and RA
pressure measured by transduction of a central line should be used
if available. An IVC diameter = 12 mm in these patients, however,
appears accurate in identifying patients with RA pressures < 10 mm
Hg.'" In this same patient group, if the IVC is small and collapsed,
this suggests hypovolemia.

The subcostal view is most useful for imaging the IVC, with the [VC
viewed in its long axis.'> The measurement of the IVC diameter
should be made at end-expiration and just proximal to the junction
of the hepatic veins that lie approximately 0.5 to 3.0 cm proximal
to the ostium of the right atrium (Figure 4).">'* To accurately assess
IVC collapse, the change in diameter of the IVC with a sniff and
also with quiet respiration should be measured, ensuring that the
change in diameter does not reflect a translation of the IVC into
another plane.*>'? It may be better to view the IVC in the cross-
sectional view to make sure that the long-axis view is perpendicular



print & web 4C/FPO

692 Rudski et al

Figure 3 Tracing of the right atrium (RA) is performed from the
plane of the tricuspid annulus (TA), along the interatrial septum
(IAS), superior and anterolateral walls of the RA. The right atrial
major dimension is represented by the green line from the TA
center to the superior right atrial wall, and the right atrial minor
dimension is represented by the blue line from the anterolateral
wall to the IAS.

to it. Although a distended IVC usually denotes elevated RA pres-
sures, in patients with otherwise normal exam results, reassessing
the IVC size and collapsibility in the left lateral position may be useful
to avoid the potentially erroneous inference of increased RA filling
pressure. The IVC may also be dilated in normal young athletes,
and in this population, it may not reflect elevated RA pressure.

Hepatic vein flow patterns provide complementary insights into
RA pressure. At low or normal RA pressures, there is systolic pre-
dominance in hepatic vein flow, such that the velocity of the systolic
wave (Vs) is greater than the velocity of the diastolic wave (Vd). At
elevated RA pressures, this systolic predominance is lost, such that
Vs is substantially decreased and Vs/Vd is <1. The hepatic vein sys-
tolic filling fraction is the ratio Vs/(Vs + Vd), and a value < 55% was
found to be the most sensitive and specific sign of elevated RA pres-
sure.!® Importantly, hepatic vein flow velocities have been validated
in mechanically ventilated patients, provided that the velocities are
averaged over =5 consecutive beats and comprising =1 respiratory
cycle.

Other 2D signs of increased RA pressure include a dilated right
atrium and an interatrial septum that bulges into the left atrium
throughout the cardiac cycle. These are qualitative and comparative,
and do not allow the interpreter to assign an RA pressure but if pres-
ent should prompt a more complete evaluation of RA pressure as well
as a search for possible etiologies.

Advantages: [VC dimensions are usually obtainable from the
subcostal window.
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Figure 4 Inferior vena cava (IVC) view. Measurement of the IVC.
The diameter (solid line) is measured perpendicular to the long
axis of the IVC at end-expiration, just proximal to the junction
of the hepatic veins that lie approximately 0.5 to 3.0 cm proximal
to the ostium of the right atrium (RA).

Disadvantages: [VC collapse does not accurately reflect RA
pressure in ventilator-dependent patients. It is less reliable for interme-
diate values of RA pressure.

Recommendations: For simplicity and uniformity of re-
porting, specific values of RA pressure, rather than ranges,
should be used in the determination of SPAP. IVC diameter
= 2.1 cm that collapses >50% with a sniff suggests a normal
RA pressure of 3 mm Hg (range, 0-5 mm Hg), whereas an
IVC diameter > 2.1 cm that collapses <50% with a sniff sug-
gests a high RA pressure of 15 mm Hg (range, 10-20 mm
Hg). In indeterminate cases in which the IVC diameter
and collapse do not fit this paradigm, an intermediate value
of 8 mm Hg (range, 5-10 mm Hg) may be used, or, prefera-
bly, secondary indices of elevated RA pressure should be in-
tegrated. These include restrictive right-sided diastolic
filling pattern, tricuspid E/E’' ratio > 6, and diastolic flow
predominance in the hepatic veins (which can be quanti-
fied as a systolic filling fraction < 55%). In indeterminate
cases, if none of these secondary indices of elevated RA
pressure are present, RA pressure may be downgraded to
3 mm Hg. If there is minimal IVC collapse with a sniff
(<35%) and secondary indices of elevated RA pressure are
present, RA pressure may be upgraded to 15 mm Hg. If un-
certainty remains, RA pressure may be left at the interme-
diate value of 8 mm Hg. In patients who are unable to
adequately perform a sniff, an IVC that collapses < 20%
with quiet inspiration suggests elevated RA pressure. This
method of assigning an RA pressure is preferable to assum-
ing a fixed RA pressure value for all patients.

B. Right Ventricle

RV Wall Thickness. RV wall thickness is a useful measurement for
RVH, usually the result of RVSP overload.'® '8 Increased RV thickness
can be seen in infiltrative and hypertrophic cardiomyopathies, as well
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End diastole

Figure 5 Measurement of end-diastolic right ventricular wall thickness. (A) Subcostal 2-dimensional image of right ventricular wall.
(B) Zoom of region outlined in (A) with right ventricular wall thickness indicated by arrows. (C) M-mode image corresponding to arrows
in (B). (D) Zoom of region outlined in (C) with arrows indicating wall thickness at end-diastole.

Figure 6 Diagram showing the recommended apical 4-chamber
(A4C) view with focus on the right ventricle (RV) (1*) and the sensi-
tivity of right ventricular size with angular change (2,3) despite sim-
ilar size and appearance of the left ventricle (LV). The lines of
intersection of the A4C planes (1*,2,3) with a mid left ventricular
short-axis are shown above and corresponding A4C views below.

as in patients with significant LV hypertrophy, even in the absence of
PH." RV free wall thickness can be measured at end-diastole by
M-mode or 2D echocardiography from the subcostal window, prefer-
ably at the level of the tip of the anterior tricuspid leaflet or left para-
sternal windows.*'® From the subcostal view, one can align the
ultrasound beam perpendicular to the RV free wall. Excluding RV
trabeculations and papillary muscle from RV endocardial border is
critical for accurately measuring the RV wall thickness. Moving the
focus to the RV wall region and decreasing the depth will improve
the endocardial border definition. Every effort must be made to
exclude epicardial fat to avoid erroneously increased measurements.
When image quality permits, fundamental imaging should be used
to avoid the increased structure thickness seen with harmonic
imaging. When there is significant thickening of the visceral
pericardium, the measurement of the RV wall may be challenging.

Certain conditions are associated with RV wall thinning, such as Uhl
anomaly or arrhythmogenic RV cardiomyopathy. There are no ac-
cepted echocardiographic criteria to define an abnormally thin RV wall.

Advantages: RV wall thickness can be measured by M-mode or
2D echocardiography from either the subcostal or left parasternal
window.

Disadvantages: There is a lack of established prognostic informa-
tion.

Recommendations: Abnormal RV wall thickness
should be reported, if present, in patients suspected of
having RV and/or LV dysfunction, using the normal cut-
off of 0.5 cm from either PLAX or subcostal windows
(Table 2).

RV Linear Dimensions. The right ventricle dilates in response to
chronic volume and/or pressure overload?® and with RV failure.?!
Indexed RV end-diastolic diameter has been identified as a predictor
of survival in patients with chronic pulmonary disease,>* and the RV/
LV end-diastolic diameter ratio was shown to be a predictor of adverse
clinical events and/or hospital survival in patients with acute pulmo-
nary embolism.2>?* Correlation of RV linear dimensions with RV
end-diastolic volumes appears to worsen with increased preload®®
or afterload.?

Using 2D echocardiography, RV size can be measured from
a 4-chamber view obtained from the apical window at end-diastole.
Although quantitative validation is lacking, qualitatively, the right ven-
tricle should appear smaller than the left ventricle and usually no
more than two thirds the size of the left ventricle in the standard apical
4-chamber view. If the right ventricle is larger than the left ventricle in
this view, it is likely significantly enlarged. This may be applied to cer-
tain conditions such as severe RV pressure or volume overload, in
which the right ventricle may measure within the normal reference
limits but appears larger than the small, underfilled left ventricle. In
the standard transthoracic apical 4-chamber window, the left ventricle
is considered the “apex-forming” ventricle. As the right ventricle en-
larges, it may displace the left ventricle and occupy the apex. This usu-
ally signifies that the right ventricle is at least moderately dilated,
though this finding has not been validated quantitatively.

One major limitation of RV imaging by transthoracic echocardiog-
raphy is the result of a lack of fixed reference points to ensure optimi-
zation of the right ventricle. As a result, the imager can image the RV
through various cut planes, resulting in a normal, medium, or smaller
dimension (Figure 6). As a result, it is critical to attempt to adjust the
apical 4-chamber to acquire the “right ventricle—focused view,”
as detailed below. To optimize imaging of the RV lateral wall, the
4-chamber image may require adjustment from its usual attention
on the left ventricle to a focus on the right ventricle. To avoid under-
estimating the minor distance, the transducer is rotated until the max-
imal plane is obtained. To avoid overestimation, the transducer must
be properly positioned over the cardiac apex with the plane through
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Figure 7 Diagram (left) and corresponding echocardiographic apical 4-chamber image (right) showing the right ventricular (RV) basal
(RVD1) and mid cavity (RVD2) RV minor dimensions and the RV longitudinal dimension (RVD3). The transducer is adjusted to focus on
the RV chamber, with the goal of maximizing RV chamber size. The RV free wall is better seen in this view, also facilitating measure-
ments for fractional area change. Reproduced from J Am Soc Echocardiogr.’

Figure 8 Measurement of right ventricular outflow tract (RVOT) dimensions at the proximal or subvalvular level (RVOT-Prox) and at
the distal or pulmonic valve (RVOT-Distal) in the (A) parasternal long-axis RVOT anterior portion view, (B) basal parasternal short-axis
view, and (C) parasternal short-axis of pulmonary bifurcation view. PA, Pulmonary artery dimension between valve and the bifurcation

point.

the left ventricle in the center of the cavity. One must ensure that the
RV is not foreshortened and that the LV outflow tract is not opened up
(avoid the apical 5-chamber view).

The basal and mid cavity RV diameters, as well as the RV longitu-
dinal dimension, may be obtained (Figure 7). The basal diameter is
generally defined as the maximal short-axis dimension in the basal
one third of the right ventricle seen on the 4-chamber view."?>?’
In the normal right ventricle, the maximal short-axis dimension is usu-
ally located in the basal one third of the ventricular cavity.*> The mid
cavity diameter is measured in the middle third of the right ventricle at
the level of the LV papillary muscles. The longitudinal dimension is
drawn from the plane of the tricuspid annulus to the RV apex.
Note that RV dimensions can be distorted and falsely enlarged in
patients with chest and thoracic spine deformities.

Advantages: RV linear dimensions are easily obtained on an
apical 4-chamber view and are markers of RV dilatation.

Disadvantages: RV dimensions are highly dependent on probe
rotation by the user, which can result in an underestimation of RV
width.

Recommendations: Patients with echocardiographic evi-
dence of right-sided heart disease or PH should ideally have
measurements of RV basal, mid cavity, and longitudinal di-
mensions on a 4-chamber view. In all complete echocardio-
graphic studies, the RV basal measurement should be
reported, and the report should state the window from
which the measurement was performed (ideally the right
ventricle—focused view), to permit interstudy comparisons.
The relative size of the right ventricle should be compared
with that of the LV to help the study interpreter determine
if there is RV dilatation, and the interpreter may report the
right ventricle as dilated despite measuring within the nor-
mal range, on the basis of a right ventricle appearing signif-
icantly larger than the left ventricle. The upper reference
limit for the RV basal dimension is 4.2 cm(Table 2).

C. RVOT

The RVOT is generally considered to include the subpulmonary in-
fundibulum, or conus, and the pulmonary valve. The subpulmonary
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Dimension Studies n LRV (95% Cl) Mean (95% Cl) URV (95% Cl)
RV mid cavity diameter (mm) (Figure 7, RVD2) 12 400 20 (15-25) 28 (23-33) 35 (30-41)
RV basal diameter (mm) (Figure 7, RVD1) 10 376 24 (21-27) 33 (31-35) 42 (39-45)
RV longitudinal diameter (mm) (Figure 7, RVD3) 12 359 56 (50-61) 71 (67-75) (80 91)
RV end-diastolic area (cm?) (Figure 9) 20 623 10 (8-12) 18 (16-19) 5 (24-27)
RV end-systolic area (cm?) (Figure 9) 16 508 4 (2-5) 9 (8-10) (13 15)
RV end-diastolic volume indexed (mL/m?) 3 152 44 (32-55) 62 (50-73) 80 (68-91)
RV end-systolic volume indexed (mL/m?) 1 91 19 (17-21) 33 (31-34) 46 (44-49)
3D RV end-diastolic volume indexed (mL/m?) 5 426 40 (28-52) 65 (54-76) 89 (77-101)
3D RV end-systolic volume indexed (mL/m?) 4 394 12 (1-23) 28 (18-38) 45 (34-56)
RV subcostal wall thickness (mm) (Figure 5) 4 180 4 (3-4) 5 (4-5) 5 (5-6)
RVOT PLAX wall thickness (mm) (not shown) 9 302 2 (1-2) 3 (3-4) 5 (4-6)
RVOT PLAX diameter (mm) (Figure 8) 12 405 18 (15-20) 25 (23-27) 33 (30-35)
RVOT proximal diameter (mm) (Figure 8, RVOT-Prox) 5 193 1 (18-25) 28 (27-30) 35 (31-39)
RVOT distal diameter (mm) (Figure 8, RVOT-Distal) 4 159 17 (12-22) 22 (17-26) 27 (22-32)
RA major dimension (mm) (Figure 3) 8 267 4 (32-36) 44 (43-45) 53 (51-55)
RA minor dimension (mm) (Figure 3) 16 715 26 (24-29) 35 (33-37) 44 (41-46)
RA end-systolic area (cm?) (Figure 3) 8 293 10 (8-12) 14 (14-15) 8 (17-20)

ClI, Confidence interval; LRV, lower reference value; PLAX, parasternal long-axis; RA, right atrial; RV, right ventricular; RVD, right ventricular diam-
eter; RVOT, right ventricular outflow tract; 3D, three-dimensional; URV, upper reference value.

Table 3 Estimation of RA pressure on the basis of IVC diameter and collapse

Intermediate (5-10 [8] mm Hg)

High (15 mm Hg)

Variable Normal (0-5 [3] mm Hg)
IVC diameter =2.1cm
Collapse with sniff >50%

Secondary indices of elevated RA pressure

=2.1cm
<50%

>2.1cm

<50%

e Restrictive filling

e Tricuspid E/E’ > 6

e Diastolic flow predominance in hepatic
veins (systolic filling fraction < 55%)

>2.1cm
>50%

Ranges are provided for low and intermediate categories, but for simplicity, midrange values of 3 mm Hg for normal and 8 mm Hg for intermediate
are suggested. Intermediate (8 mm Hg) RA pressures may be downgraded to normal (3 mm Hg) if no secondary indices of elevated RA pressure are
present, upgraded to high if minimal collapse with sniff (<35%) and secondary indices of elevated RA pressure are present, or left at 8 mm Hg if

uncertain.
IVC, Inferior vena cava; RA, right atrial.

infundibulum is a cone-shaped muscular structure that extends from
the crista supraventricularis to the pulmonary valve. It is distinct from
the rest of the right ventricle in origin®® and anatomy.?° The delay in
regional activation of the RVOT contributes to the peristalsis-like con-
traction pattern of the normal right ventricle.>*>° The role of the
RVOT is particularly important in some patients with congenital
heart disease! or arrhythmia,>? and the RVOT is often the first seg-
ment of the right ventricle to show diastolic inversion in the setting
of tamponade.

The RVQOT is best viewed from the left parasternal and subcostal
windows, but it also may be evaluated from the apical window in
thin individuals or adults with large rib spaces. The size of the
RVOT should be measured at end-diastole on the QRS deflection.
In the PLAX view, a portion of the proximal RVOT can be measured
(RVOT-Prox in Figure 8A). In the short-axis view, the RVOT linear di-
mension can be measured from (1) the anterior aortic wall to the RV
free wall above the aortic valve (RVOT-Prox in Figure 8B) and (2) just
proximal to the pulmonary valve (RVOT-Distal in Figure 8C)." This
latter site, at the connection of the RV infundibulum with the pulmo-
nary valve is preferred, especially when measuring right-sided stroke

volume for the calculation of Qp/Qs or regurgitant fraction. The
PLAX view of the RVOT is used in particular in the evaluation for
arrhythmogenic RV dysplasia.>> With transesophageal echocardiogra-
phy, the RVOT is well visualized in the midesophageal RV inflow-
outflow view. The use of 3D echocardiography has been shown to
be helpful in the assessment of the RVOT>* Note that RVOT
dimensions can be distorted and falsely enlarged in patients with chest
and thoracic spine deformities.

Advantages: RVOT dimensions are easily obtained from the left
PSAX window. Certain lesions may primarily affect the RVOT.

Disadvantages: Limited normative data are available. The win-
dow for measurement of RVOT size has not been standardized,
and oblique imaging of the RVOT may underestimate or overesti-
mate its size. The endocardial definition of the anterior wall is often
suboptimal.

Recommendations: In studies on select patients with
congenital heart disease or arrhythmia potentially involv-
ing the RVOT, proximal and distal diameters of the RVOT
should be measured from the PSAX or PLAX views. The
PSAX distal RVOT diameter, just proximal to the
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Figure 9 Examples of right ventricular fractional area change (FAC). Percentage FAC = 100 x end-diastolic area (AreaED) — end-
systolic area (Area ES)/end-diastolic area. The endocardial border is traced in apical 4-chamber (A4C) views from the tricuspid an-
nulus along the free wall to the apex, then back to the annulus, along the interventricular septum at end-diastole (ED) and end-systole
(ES). Trabeculation, tricuspid leaflets, and chords are included in the chamber. (Left) Normal subject, FAC 60%. (Middle) Moderately
dilated right ventricle (RV), FAC 40%, and a markedly dilated left ventricle (LV). (Right) Dilated RV, FAC 20%, and the LV is foreshort-
ened as a result of optimizing the view for the right ventricular chamber.

Table 4 Systolic function

Variable Studies n LRV (95% CI) Mean (95% CI) URV (95% CI)
TAPSE (mm) (Figure 17) 46 2320 6 (15-18) 23 (22-24) 30 (29-31)
Pulsed Doppler velocity at the annulus (cm/s) 43 2139 0(9-11) 5 (14-15) 9 (18-20)
Color Doppler velocities at the annulus (cm/s) 5 281 6 (5-7) 0(9-10) 4 (12-15)
Pulsed Doppler MPI (Figures 16 and 18) 17 686 0.15 (0.10-0.20) 0. 28 (0.24-0.32) 0. 40 (0.35-0.45)
Tissue Doppler MPI (Figure 18) 8 590 0. 24 (0.16-0.32) 0. 39 (0.34-0.45) 0. 55 (0.47-0.63)
FAC (%) (Figure 8) 36 1276 35 (32-38) 49 (47-51) 63 (60-65)
RV EF (%) (Figure 8) 12 596 44 (38-50) 58 (53-63) 71 (66-77)
3D RV EF (%) 9 524 44 (39-49) 57 (53-61) 69 (65-74)
IVA (m/s?) 12 389 2 (1.4-3.0) 7 (3.0-4.4) 2 (4.4-5.9)

Cl, Confidence interval; EF, ejection fraction; FAC, fractional area change; IVA, isovolumic acceleration; LRV, lower reference value; MPI, myocar-
dial performance index; RV, right ventricular; TAPSE, tricuspid annular plane systolic excursion; 3D, three-dimensional; URV, upper reference value.

pulmonary annulus, is the most reproducible and should

be generally used. For select cases such as suspected ar-
rhythmogenic RV cardiomyopathy, the PLAX measure
may be added. The upper reference limit for the PSAX
distal RVOT diameter is 27 mm and for PLAX is 33
mm (Table 2).

FRACTIONAL AREA CHANGE AND VOLUMETRIC
ASSESSMENT OF THE RIGHT VENTRICLE

A. RV Area and FAC

The percentage RV FAC, defined as (end-diastolic area — end-systolic
area)/end-diastolic area x 100, is a measure of RV systolic function
that has been shown to correlate with RV EF by magnetic resonance
imaging (MRD.>>*° RV FAC was found to be an independent
predictor of heart failure, sudden death, stroke, and/or mortality in
studies of patients after pulmonary embolism>® and myocardial in-
farction.>”*8 FAC is obtained by tracing the RV endocardium both
in systole and diastole from the annulus, along the free wall to the
apex, and then back to the annulus, along the interventricular
septum. Care must be taken to trace the free wall beneath the
trabeculations (Figure 9).

Recommendations: Two-dimensional Fractional Area
Change is one of the recommended methods of quantita-
tively estimating RV function, with a lower reference value
for normal RV systolic function of 35%.

B. Two-Dimensional Volume and EF Estimation

The complexity of estimating RV volume and function with 2D echo-
cardiography has been well documented, and interested readers are
referred to reviews for a more complete discussion.?®>?4° In brief,
the 2D echocardiographic methods of calculating RV volume can
be divided into area-length methods, disk summation methods, and
other methods.

The area-length methods, initially adopted for biplane angiogra-
phy, require an approximation of RV geometry, most commonly
based on modified pyramidal or ellipsoidal models.3?*'4? It
underestimates MRI-derived RV volume and is inferior in comparison
with 3D echocardiographic methods of RV volume estimation.*?

The disk summation method has also been applied to determine
a RV “body” volume, using predominantly the apical 4-chamber
view.** RV volumes are therefore underestimated because of the ex-
clusion of the RVOT and technical limitations of the echocardio-
graphic images.

RV EF from 2D methods is calculated as (end-diastolic volume —
end-systolic volume)/end-diastolic volume. The lower reference limit
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Figure 10 Serial stop-frame short-axis two-dimensional echocardiographic images of the left ventricle at the mitral chordal level with
diagrams from a patient with isolated right ventricular (RV) pressure overload due to primary pulmonary hypertension (left) and from
a patient with isolated RV volume overload due to tricuspid valve resection (right). Whereas the left ventricular (LV) cavity maintains
a circular profile throughout the cardiac cycle in normal subjects, in RV pressure overload there is leftward ventricular septal (VS) shift
and reversal of septal curvature present throughout the cardiac cycle with most marked distortion of the left ventricle at end-systole.
In the patient with RV volume overload, the septal shift and flattening of VS curvature occurs predominantly in mid to late diastole with
relative sparing of LV deformation at end-systole. Reproduced with permission from J Am Coll Cardiol.®®

of pooled studies using these methods for the measurement of RV EF
is 44%, with a 95% confidence interval of 38% to 50% (Table 4).

Recommendations: Two dimensionally derived estima-
tion of RV EF is not recommended, because of the heteroge-
neity of methods and the numerous geometric
assumptions.

C. Three-Dimensional Volume Estimation

The accuracy of RV volumes on 3D echocardiography has been
validated against animal specimens,*>*¢ animal cast models of
the right ventricle,*®*® and human intraoperative RV volume
measurements.*” At present, the disk summation and apical
rotational methods for RV volume and EF calculation are most com-
monly used in 3D echocardiography. Images may be acquired by
transesophageal echocardiography*®>! as well as transthoracic
echocardiography. The methodology is complex and beyond the
scope of this document, and interested readers are referred to
a recent report by Horton et al®? for a discussion of methodology.
Compared in vitro, the 3D apical rotational method was most accu-
rate when =8 equiangular planes were analyzed.*® Three-
dimensional apical rotation using 8 imaging planes provided similar
results to the 3D disk summation method in a mixed adult patient
group.”> In a variety of clinical settings, both methods have shown
to correlate well with MRI-derived RV volumes in children®*>® and
adults 515763

With 3D echocardiography, there is less underestimation of RV
end-diastolic and end-systolic volumes and improved test-retest vari-
ability compared with 2D echocardiography.***°° Pooled data from
several small studies and one larger study®* indicate that the upper
reference limit for indexed RV end-diastolic volume is 89 mL/m?
and for end-systolic volume is 45 mL/m?, with indexed volumes be-
ing 10% to 15% lower in women than in men (Table 2). The lower
reference limit for RV EF is 44% (Table 4).

Advantages: RV volumes and EF may be accurately measured by
3D echocardiography using validated real-time 3D algorithms.

Disadvantages: Limited normative data are available, with stud-
ies using different methods and small numbers of subjects. RV vol-
umes by both 2D and 3D echocardiography tend to underestimate
MRI-derived RV volumes, although 3D methods are more accurate.
Moreover, the 3D disk summation method is a relatively time-
consuming measurement to make. Finally, fewer data are available
in significantly dilated or dysfunctional ventricles, making the accu-
racy of 3D volumes and EFs less certain.

Recommendations: In studies in selected patients with
RV dilatation or dysfunction, 3D echocardiography using
the disk summation method may be used to report RV
EFs. A lower reference limit of 44% has been obtained
from pooled data. Until more studies are published, it
may be reasonable to reserve 3D methods for serial volume
and EF determinations.

THE RIGHT VENTRICLE AND INTERVENTRICULAR SEPTAL
MORPHOLOGY

Chronic dilatation of the right ventricle such as may occur with iso-
lated RV volume overload (eg, TR) results in progressive lengthening
of the base to apex as well as the free wall to septum dimensions of
the right ventricle, with the RV apex progressively replacing the left
ventricle as the true apex of the heart. In the PSAX, the left ventricle
assumes a progressively more D-shaped cavity as the ventricular sep-
tum flattens and progressively loses its convexity with respect to the
center of the RV cavity during diastole.®>®” RV pressure overload
also distorts the normal circular short-axis geometry of the left ventri-
cle by shifting the septum leftward away from the center of the right
ventricle and toward the center of the left ventricle, resulting in
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Figure 11 Doppler echocardiographic determination of systolic
pulmonary artery pressure (SPAP). Spectral continuous-wave
Doppler signal of tricuspid regurgitation corresponding to the
right ventricular (RV)-right atrial (RA) pressure gradient. SPAP
was calculated as the sum of the estimated RA pressure (RAP)
and the peak pressure gradient between the peak right ventricle
and the right atrium, as estimated by application of the modified
Bernoulli equation to peak velocity represented by the tricuspid
regurgitation Doppler signal. In this example, SPAP is estimated
at 31 + central venous pressure, or 34 mm Hg, if RAP is assumed
to be 3 mm Hg. Adapted with permission from J Am Soc Echo-
cardiogr.®®

flattening of the ventricular septum and a D-shaped short-axis LV cav-
ity profile predominantly during systole. This relationship between
the left ventricle and right ventricle can be quantitated on the basis
of the ratio between the LV anteroposterior dimension and the the
septolateral dimension. This “eccentricity index” is abnormal and sug-
gests RV overload when this ratio is >1.0.°® The configuration of the
interventricular septum is dependent on the relative pressure gradient
between the right ventricle and left ventricle at each stage of the car-
diac cycle. Because the majority of RV pressure overload conditions in
adults arise secondary to the effects of elevation in LV filling pressure,
the analysis of ventricular septal geometry and interaction is compli-
cated by the superimposition of systolic RV pressure overload and
diastolic LV pressure overload in these patients.®”

A. Differential Timing of Geometric Distortion in RV Pressure
and Volume Overload States

Differences in the timing of ventricular septal motion have been
measured with Doppler tissue imaging and M-mode echocardiogra-
phy (Figure 10).”° Although patients with relatively isolated RV vol-
ume overload have the most marked shift of the ventricular septum
away from the center of the right ventricle at end-diastole (with rel-
atively more normal septal geometry at end-systole), patients with
relatively isolated RV pressure overload have leftward septal shift
away from the center of the right ventricle at both end-systole
and end-diastole, with the most marked deformation at end-
systole. In selected patient populations such as PA hypertension,
the ventricular septal eccentricity index and its timing can be
quantitated to provide prognostic information that tracks clinical
responses to effective therapies.”'””? Analysis of septal motion is
best performed in the absence of significant conduction delays,
particularly left bundle branch block.
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Recommendations: Visual assessment of ventricular sep-
tal curvature looking for a D-shaped pattern in systole and
diastole should be used to help in the diagnosis of RV vol-
ume and/or pressure overload. Although a D-shaped sep-
tum is not diagnostic in RV overload, with its presence,
additional emphasis should be placed on the confirmation,
as well as determination, of the etiology and severity of
right-sided pressure and/or volume overload.

HEMODYNAMIC ASSESSMENT OF THE RIGHT VENTRICLE
AND PULMONARY CIRCULATION

A. Systolic Pulmonary Artery Pressure

SPAP can be estimated using TR velocity, and PADP can be estimated
from the end-diastolic pulmonary regurgitation velocity. Mean PA
pressure can be estimated by the PA acceleration time (AT) or derived
from the systolic and diastolic pressures.

RVSP can be reliably determined from peak TR jet velocity, using
the simplified Bernoulli equation and combining this value with an es-
timate of the RA pressure: RVSP = 4(V)? + RA pressure, where Vis
the peak velocity (in meters per second) of the tricuspid valve regur-
gitant jet, and RA pressure is estimated from [VC diameter and respi-
ratory changes as described above. In the absence of a gradient of
across the pulmonic valve or RVOT, SPAP is equal to RVSP. In cases
in which RVSP is elevated, obstruction at the level of the RVOTor pul-
monic valve should be excluded, especially in patients with congenital
heart disease or post-pulmonic valve surgery. The simplified Bernoulli
equation may occasionally underestimate the RV-RA gradient be-
cause of its neglect of the inertial component of the complete
Bernoulli equation. Because velocity measurements are angle depen-
dent, it is recommended to gather TR signals from several windows
and to use the signal with the highest velocity.

Technically adequate signals with well-defined borders can be ob-
tained in the majority of patients. It is recommended that Doppler
sweep speeds of 100 mm/s be used for all tracings. If the signal is
weak, it may be enhanced with agitated saline or blood-saline con-
trast, but it is important to avoid overestimation of the spectral enve-
lope by ensuring that only the well-defined, dense spectral profile is
measured. This is important both with and without contrast
(Figure 12).

The normal cutoff value for invasively measured mean PA pressure
is 25 mmHg. In the echocardiography laboratory, SPAP is more com-
monly measured and reported. Normal resting values are usually de-
fined as a peak TR gradient of =2.8 to 2.9 m/s or a peak systolic
pressure of 35 or 36 mm Hg, assuming an RA pressure of 3 to 5
mm Hg.”? This value may increase with age and increasing body sur-
face area and this should be considered when estimations are at the
upper limits of normal.”*”> The most recent American College of
Cardiology Foundation and American Heart Association expert
consensus document on PH recommends further evaluation of
patients with dyspnea with estimated RVSP > 40 mm Hg.76 Some
cardiologists who care for patients with congenital heart disease will
consider SPAP greater than two thirds of the systemic blood pressure
as indicative of severe PH.

Determination of SPAP by the sum of peak RV-RA gradient and
RA pressure has been established as a reliable method since the pub-
lication by Yock and Popp”” in 1984 and has been proven by other
studies,”® but additional studies have questioned the accuracy of
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Figure 12 (A) Tricuspid regurgitation signal that is not contrast enhanced and correctly measured at the peak velocity. (B) After con-
trast enhancement, the clear envelope has been obscured by noise, and the reader erroneously estimated a gradient several points
higher. As this example shows, it is critical that only well-defined borders be used for velocity measurement, as slight errors are mag-
nified by the second-order relationship between velocity and derived pressure.

this relationship, particularly at higher PA pressures.”*®° In patients
with very severe TR, the Doppler envelope may be cut off because
of an early equalization of RV and RA pressures, and the simplified
Bernoulli equation may underestimate the RV-RA gradient.

B. PA Diastolic Pressure

PADP can be estimated from the velocity of the end-diastolic pulmo-
nary regurgitant jet using the modified Bernoulli equation: [PADP =4
x (end-diastolic pulmonary regurgitant velocity)> + RA pressure].

C. Mean PA Pressure

Once systolic and diastolic pressures are known, mean pressure may
be estimated by the standard formula mean PA pressure = 1/3(SPAP)
+ 2/3(PADP). Mean PA pressure may also be estimated by using pul-
monary AT measured by pulsed Doppler of the pulmonary artery in
systole, whereby mean PA pressure = 79 — (0.45 x AD.3' The
same group also found that in patients with ATs < 120 ms, the formula
for mean PA pressure is 90 — (0.62 x AT) performed better.5>
Generally, the shorter the AT (measured from the onset of the Q
wave on electrocardiography to the onset of peak pulmonary flow ve-
locity), the higher the PVR and hence the PA pressure, provided the
heart rate is in the normal range of 60 to <100 beats/mins. The
mean PA pressure can also be estimated as 4 x (early PR velocity)?
+ estimated RA pressure.®> An additional recently described method
adds estimated RA pressure to the velocity-time integral of the TR jet
to calculate a mean systolic pressure. This method has been validated
by right heart catheterization and provides a value closer to one de-
rived hemodynamically than the empirical methods.8*8> Whenever
possible, it is helpful to use several methods to calculate mean
pressure so that the internal consistency of the data can be
challenged and confirmed.

Recommendations: Pulmonary hemodynamics are feasi-
ble in a majority of subjects using a variety of validated
methods.5® SPAP should be estimated and reported in all
subjects with reliable tricuspid regurgitant jets. The recom-
mended method is by TR velocity, using the simplified
Bernoulli equation, adding an estimate of RA pressure as
detailed above. In patients with PA hypertension or heart

failure, an estimate of PADP from either the mean gradient
of the TR jet or from the pulmonary regurgitant jet should
be reported. If the estimated SPAP is >35 to 40 mm Hg,
stronger scrutiny may be warranted to determine if PH is
present, factoring in other clinical information.

D. Pulmonary Vascular Resistance

An elevation in SPAP does not always imply an increased PVR, as can
be seen from the relationship whereby Apressure =flow X resistance.
PVR distinguishes elevated pulmonary pressure due to high flow from
that due to pulmonary vascular disease. PVR plays an important role
in patients with heart failure with regard to transplantation eligibility.
PVR can be estimated using a simple ratio of peak TR velocity (in me-
ters per second) to the RVOT velocity-time integral (in centime-
ters).8”8° This relationship is not reliable in patients with very high
PVR, with measured PVR > 8 Wood units, as determined by
invasive hemodynamic measurement.”® One of the methods to
determine PVR is illustrated in Figure 14.

A normal invasively measured PVR is <1.5 Wood units (120 dynes
- em/s?), and for the purpose of clinical studies in PH, significant PH is
defined as a PVR > 3 Wood units (240 dynes - cm/s?).

Recommendation: The estimation of PVR is not ade-
quately established to be recommended for routine use
but may be considered in subjects in whom pulmonary sys-
tolic pressure may be exaggerated by high stroke volume or
misleadingly low (despite increased PVR) by reduced
stroke volume. The noninvasive estimation of PVR should
not be used as a substitute for the invasive evaluation of
PVR when this value is important to guide therapy.

E. Measurement of PA Pressure During Exercise

In normal subjects, exercise increases the stroke volume while the
PVR decreases. Normal values are defined by SPAP <43 mm Hg dur-
ing exercise.’’ In well-trained athletes or those aged >55 years, SPAP
as high as 55 to 60 mm Hg at peak exercise is encountered.”® A pul-
monary hypertensive response during exercise can be clinically im-
portant in several conditions, including valvular heart disease, heart
failure,”® and PH.”*°> From the pathophysiologic viewpoint, on the
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Figure 13 Doppler echocardiographic determination of pulmo-
nary artery (PA) diastolic pressure (PADP) and mean PA
pressure by continuous-wave Doppler signal of pulmonic
regurgitation. Point 1 denotes the maximal Pl velocity at the be-
ginning of diastole. Mean PA pressure correlates with 4 x (early
Pl velocity)? + estimated RAP, in this example 37 mm Hg + RAP.
Point 2 marks the Pl velocity at end-diastole. PADP is correlated
with 4 x (end PI velocity)® + estimated RAP. In this example,
PADP is 21 mm Hg + RAP.

basis of the fundamental equation of flow (F= AP/R), the abnormal
exercise-induced increase in pressure can be ascribed to supranormal
cardiac output (eg, in athletes) or to a normal increase in flow but
arise in resistance due to limited capability of the pulmonary vascular
bed (eg, in chronic obstructive pulmonary disease or congenital heart
disease). In this setting, the ratio of Apressure (estimated by TR veloc-
ity) to flow (estimated by the RVOT time-velocity integral) may be
helpful to distinguish whether the increased pressure is related to
an increase in flow or in resistance.”®

Recommendation: In patients with dyspnea of unknown
etiology, with normal resting echocardiographic results
and no evidence of coronary artery disease, it is reasonable
to perform stress echocardiography to assess stress-induced
PH. This technique should be considered as well in subjects
with conditions associated with PA hypertension. Supine
bicycle exercise is the preferred method for SPAP measure-
ment. An upper limit of 43 mm Hg should be used in pa-
tients at nonextreme workloads. In subjects with valvular
heart disease, the American College of Cardiology and
American Heart Association cutoffs should be used to
help guide management.
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NONVOLUMETRIC ASSESSMENT OF RIGHT VENTRICULAR
FUNCTION

Determination of RV systolic function is similar to that of the left ven-
tricle, albeit more challenging. The right ventricle has superficial cir-
cumferential muscle fibers responsible for its inward bellows
movement, as well as inner longitudinal fibers that result in the
base-to-apex contraction.’’ Compared with the left ventricle, the
base-to-apex shortening assumes a greater role in RV emptying.

Global assessment of RV function includes the myocardial perfor-
mance index (MPD, RV dP/dt, RV EF, and FAC (see above). Regional
approaches include tissue Doppler—derived and 2D strain, Doppler-
derived systolic velocities of the annulus (S'), and TAPSE. Each
method is affected by the same limitations from the corresponding
left-sided techniques. The RV EF may not represent RV contractility
in the setting of significant TR, just as the LV EF is limited by mitral re-
gurgitation. For S’ and TAPSE, the regional velocities or displacement
of the myocardium in a single segment may not truly represent the
function of the entire right ventricle. Regional strain measurements
are plagued by the same issues, as well as that of poor reproducibility.
There is a lack of outcomes data relating to quantification of RV sys-
tolic function. Nonetheless, each of the methods is described below,
reference values are displayed, and recommendations for measure-
ments are proposed.

A. Global Assessment of RV Systolic Function

RV dP/dt. The rate of pressure rise in the ventricles (dP/dt) is an
invasive measurement developed and validated as an index of
ventricular contractility or systolic function. It was initially de-
scribed by Gleason and Braunwald®” in 1962 in both the left
and right ventricles.

Although less studied and more sparsely used than for the left ven-
tricle, RV dP/dt can also be accurately estimated from the ascending
limb of the TR continuous-wave Doppler signal.”®?® RV dP/dt is
commonly calculated by measuring the time required for the TR jet
to increase in velocity from 1 to 2 m/s. Using the simplified
Bernoulli equation, this represents a 12 mm Hg increase in
pressure. The dP/dt is therefore calculated as 12 mm Hg divided by
this time (in seconds), yielding a value in millimeters of mercury per
second. Although the time from 1 to 2 m/s is most commonly
used, the best correlation between echocardiographic and invasive
measures was found by using the time for the TR velocity to
increase from 0.5 to 2 m/s.°® In this case, the numerator for the cal-
culation is 15 mm Hg, representing the pressure difference as calcu-
lated from the simplified Bernoulli equation between 2 and 0.5 m/s.

Advantages: This is a simple technique with a sound physiologic
basis.

Disadvantages: There are limited data in both normal subjects
and pathologic conditions. RV dp/dt is load dependent. RVdp/dt
will be less accurate in severe TR because of neglect of the inertial
component of the Bernoulli equation and the rise in RA pressure.

Recommendations: Because of the lack of data in normal
subjects, RV dP/dt cannot be recommended for routine
uses. It can be considered in subjects with suspected RV
dysfunction. RV dP/dt < approximately 400 mm Hg/s is
likely abnormal.

RIMP. The MP], also known as the RIMP or Tei index; is a global es-
timate of both systolic and diastolic function of the right ventricle. It is
based on the relationship between ejection and nonejection work of
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Figure 14 The two elements needed to calculate the noninvasive index of pulmonary vascular resistance (PVR) are found in this ex-
ample. The ratio of peak tricuspid regurgitant velocity (TRV) (2.78 m/s) to the time-velocity integral (TVI) (11 cm) in the right ventricular
outflow tract (RVOT) is abnormal at 0.25 (normal, =0.15). The estimated PVR is 2.68 using the formula (TRVmax/RVOT TVI) x 10 +

0.16.84 Adapted with permission from J Am Soc Echocardiogr.??

the heart. The MPI is defined as the ratio of isovolumic time divided
by ET, or [AVRT + IVCT)/ET] (Figure 16).

The measure remains accurate within a broad range of heart
rates, '°° though the components should be measured with a constant
R-R interval to minimize error. Although the MPI was initially thought
to be relatively independent of preload, this has been questioned in
more recent studies. In addition, the MPI has been demonstrated to
be unreliable when RA pressure is elevated (eg, RV infarction), as
there is a more rapid equilibration of pressures between the RV and
RA, s;(l)llortening the IVRT and resulting in an inappropriately small
MPL

The right-sided MPI can be obtained by two methods: the pulsed
Doppler method and the tissue Doppler method. In the pulsed
Doppler method, the ET is measured with pulsed Doppler of RV out-
flow (time from the onset to the cessation of flow), and the tricuspid
(valve) closure-opening time is measured with either pulsed Doppler
of the tricuspid inflow (time from the end of the transtricuspid A wave
to the beginning of the transtricuspid E wave) or continuous Doppler
of the TR jet (time from the onset to the cessation of the jet). These
measurements are taken from different images, and one must there-
fore attempt to use beats with similar R-R intervals to obtain a more
accurate RIMP value. In the tissue Doppler method, all time intervals
are measured from a single beat by pulsing the tricuspid annulus
(shown below). As was demonstrated for the LV MP],'9%'9 it is
important to note that the correlation between both methods is
modest and that normal values differ on the basis of the method
chosen.

The MPI has prognostic value in patients with PH at a single point
in time,'°° and changes in MPI correlate with change in clinical status
in this patient group.'®* It has also been studied in RV infarction, hy-
pertrophic cardiomyopathy, and congenital heart disease, among
others.'®>""% The MPI has been measured in healthy individuals
and in normal control subjects in 23 studies with >1000 subjects.
The upper reference limit is 0.40 by pulsed Doppler and 0.55 by
tissue Doppler (Table 4).

Advantages: This approach is feasible in a large majority of sub-
jects both with and without TR, the MPI is reproducible, and it avoids
the geometric assumptions and limitations of complex RV geometry.
The pulsed tissue Doppler method allows for measurement of MPI as
well as §', E/, and A/, all from a single image.

Disadvantages: The MPl is unreliable when RV ET and TR time
are measured with differing R-R intervals, as in atrial fibrillation.

Moreover, it is load dependent and unreliable when RA pressure is
elevated.

Recommendations: The MPI may be used for initial and
serial measurements as an estimate of RV function in com-
plement with other quantitative and nonquantitative mea-
sures. The upper reference limit for the right-sided MPI is
0.40 using the pulsed Doppler method and 0.55 using the
pulsed tissue Doppler method. It should not be used as
the sole quantitative method for evaluation of RV function
and should not be used with irregular heart rates.

B. Regional Assessment of RV Systolic Function

TAPSE or Tricuspid Annular Motion (TAM). The systolic move-
ment of the base of the RV free wall provides one of the most visibly
obvious movements on normal echocardiography. TAPSE or TAM is
a method to measure the distance of systolic excursion of the RV an-
nular segment along its longitudinal plane, from a standard apical
4-chamber window. TAPSE or TAM represents longitudinal function
of the right ventricle in the same way as mitral annular plane systolic
excursion by Doppler tissue imaging does with the left ventricle. It is
inferred that the greater the descent of the base in systole, the better
the RV systolic function. As with other regional methods, it assumes
that the displacement of the basal and adjacent segments in the apical
4-chamber view is representative of the function of the entire right
ventricle, an assumption that is not valid in many disease states or
when there are regional RV wall motion abnormalities. TAPSE is usu-
ally acquired by placing an M-mode cursor through the tricuspid an-
nulus and measuring the amount of longitudinal motion of the
annulus at peak systole (Figure 17).

In the initial validation study by Kaul et al,'"'! TAPSE correlated
strongly with radionuclide angiography, with low interobserver vari-
ability. It has also been validated against biplane Simpson RV EF and
RV fractional area shortening.''>!'"® In a study of 750 patients with
a variety of cardiac conditions, compared with 150 age-matched nor-
mal controls, a TAPSE cutoff value < 17 mm yielded high specificity,
though low sensitivity to distinguish abnormal from normal
subiects.1 14 In total, there have been >40 studies with >2000 normal
subjects evaluating the utility of TAPSE or TAM (Table 4).

Advantages: TAPSE is simple, less dependent on optimal image
quality, and reproducible, and it does not require sophisticated equip-
ment or prolonged image analysis.
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Figure 15 Point 1 represents the point at which the tricuspid re-
gurgitation (TR) signal meets the 1 m/s velocity scale marker,
while point 2 represents the point at which the TR signal meets
the 2 m/s velocity scale marker. Point 3 represents the time re-
quired for the TR jet to increase from 1 to 2 m/s. In this example,
this time is 30 ms, or 0.03 seconds. The dP/dt is therefore 12 mm
Hg/0.03 seconds, or 400 mm Hg/s.

Disadvantages: TAPSE assumes that the displacement of a single
segment represents the function of a complex 3D structure.
Furthermore, it is angle dependent, and there are no large-scale vali-
dation studies. Finally, TAPSE may be load dependent.

Recommendations: TAPSE should be used routinely as
a simple method of estimating RV function, with a lower
reference value for impaired RV systolic function of
16 mm.

Doppler Tissue Imaging. Among the most reliably and reproduc-
ibly imaged regions of the right ventricle are the tricuspid annulus and
the basal free wall segment. These regions can be assessed by pulsed
tissue Doppler and color-coded tissue Doppler to measure the longi-
tudinal velocity of excursion. This velocity has been termed the RV &
or systolic excursion velocity. To perform this measure, an apical
4-chamber window is used with a tissue Doppler mode region of in-
terest highlighting the RV free wall. The pulsed Doppler sample vol-
ume is placed in either the tricuspid annulus or the middle of the basal
segment of the RV free wall (Figure 18). Because this technique uses
Doppler, care must be taken to ensure optimal image orientation to
avoid the underestimation of velocities. Alternatively, color-coded tis-
sue Doppler is acquired at high frame rates and analyzed offline, by
placing a region of interest in the segment to be interrogated.
Platform-specific software then generates velocity profiles over the
cardiac cycle. The velocity S’ is read as the highest systolic velocity,
without overgaining the Doppler envelope. Assessment of the mid
and apical ventricular free wall velocities is discouraged in the routine
echocardiographic studies, because there is a lower rate of obtaining
adequate signals''® and greater variability. Because the interventricu-
lar septum does not exclusively reflect RV function, it should not be
used alone to assess the right ventricle.

A number of validation studies have been performed comparing
pulsed tissue Doppler velocities of the tricuspid annulus with radionu-
clide angiography, showing good correlations and good discriminative
ability between normal and abnormal RV EFs.

S’ has one of the few population-based validation studies for the
right ventricle. The Umea General Population Heart Study in
Sweden assessed RV regional function in 235 healthy individuals
aged 20 to 90 years.'"> Mean values in normal populations are ap-
proximately 15 ¢cm/s at the annulus and basal segment of the RV
free wall, with lower velocities at the mid and apical segments.
When 43 studies were pooled with >2000 normal controls, a lower
reference limit of normal controls was 10 cm/s.
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Figure 16 Calculation of right ventricular myocardial perfor-
mance index (MPI) by pulsed Doppler (A) and pulsed tissue
Doppler (B). The tricuspid (valve) closure opening time (TCO) en-
compasses isovolumic contraction time, ejection time (ET), and
isovolumic relaxation time. In the pulsed Doppler method, TCO
can also be measured by the duration of the tricuspid regurgita-
tion continuous-wave Doppler signal. MPI = (TCO — ET)/ET.
Note that S', E/, and A’ are also measured from the same pulsed
Doppler tissue image.

Color-coded tissue Doppler yields lower velocities, because the
encoded data represent mean velocities. Color-coded tissue
Doppler studies have been performed in healthy volunteers and
normal controls. Mean annular velocities average 8.5 to 10 cm/s,
while basal RV free wall velocities are slightly higher at 9.3 to
11 cm/s. Two studies have demonstrated slightly lower velocities
in older groups of subjects.'®'"” Mid and distal segments were
less reliably acquired, with greater variability. The reference limit
pooled from the available studies is 6 cm/s but with slightly
broader 95% confidence intervals around this reference limit
(Table 4).

Advantages: A simple, reproducible technique with good dis-
criminatory ability to detect normal versus abnormal RV function,
pulsed Doppler is available on all modern ultrasound equipment
and does not require additional software. In addition, color-coded
Doppler-derived S’ may be obtained and analyzed offline on certain
platforms.

Disadvantages: This technique is less reproducible for nonbasal
segments and is angle dependent, and there are limited normative
data in all ranges and in both sexes. Moreover, it assumes that the
function of a single segment represents the function of the entire right
ventricle, which is not likely in conditions that include regionality,
such as RV infarction or pulmonary embolism.

Recommendations: Interrogation of S’ by pulsed tissue
Doppler is a simple and reproducible measure to assess
basal RV free wall function and should be used in the assess-
ment of RV function. §' < 10 cm/s should raise the suspicion
for abnormal RV function, particularly in a younger adult
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Figure 18 Tissue Doppler of the tricuspid annulus in a patient with normal right ventricular systolic function: (left) pulsed and (right)

color-coded offline analysis.

patient. There are insufficient data in the elderly. Offline
analysis by color-coded tissue Doppler currently remains
a research tool, with less data and wider confidence inter-
vals for normal values.

Myocardial Acceleration During Isovolumic Contraction.
Myocardial acceleration during isovolumic contraction is defined as
the peak isovolumic myocardial velocity divided by time to peak veloc-
ity and is typically measured for the right ventricle by Doppler tissue
imaging at the lateral tricuspid annulus (Figure 19). For the calculation
of IVA, the onset of myocardial acceleration is at the zero crossing point
of myocardial velocity during isovolumic contraction. Isovolumic ac-
celeration (IVA) appears to be less load dependent than ejection period
indices under a variety of physiologic conditions.''® 12!

In a series of cardiac patients under anesthesia, RV IVA appeared to
be the most consistent tissue Doppler variable for the evaluation of
RV function measured by either transthoracic echocardiography (lat-

eral wall) or transesophageal echocardiography (inferior wall).'** RV
IVA has been demonstrated to correlate with the severity of illness in
conditions affecting right heart function, including obstructive sleep
apnea,'?® mitral stenosis,'>*!?° repaired tetralogy of Fallot with
pulmonary regurgitation,'* and transposition of the great arteries
following an atrial switch procedure.'?”

Normal RV IVA values have been obtained from studies that have
included a control group of normal adults and/or children. It appears
to be age dependent, with the highest values found between the ages
of 10 and 20 years.'*® As with all tissue Doppler indices, the acquisi-
tion technique is important to document. Pulsed-wave tissue Doppler
values are up to 20% higher than color-coded tissue Doppler
values."'® In addition, IVA has been shown to vary with heart
rate,'?! and indexing to heart rate may be appropriate in some clinical
situations. The lower reference limit by pulsed-wave Doppler tissue
imaging, pooled from 10 studies, is 2.2 m/: s? with a broad 95%
confidence interval of 1.4 to 3.0 (Table 4).
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Figure 19 Doppler tissue velocities and time intervals obtained at lateral tricuspid valve annulus. Aa, Peak velocity during atrial con-
traction; AT, acceleration time; Ea, peak velocity during early diastole; ET, ejection time; IVA, myocardial acceleration during isovo-
lumic contraction; /VV, peak myocardial velocity during isovolumic contraction; Sa, peak velocity during ejection period of systole.

Reproduced with permission from J Am Soc Echocardiogr."®?

Advantages: RV IVA is a relatively load independent measure-
ment of global RV systolic function that has been shown to correlate
with severity of illness in conditions affecting right heart function.

Disadvantages: There are limited normative data available, and
RV IVA is an angle-dependent Doppler measurement that appears to
vary with age and heart rate.

Recommendations: In studies in patients with conditions
affected by RV function, RV IVA may be used, and when
used, it should be measured at the lateral tricuspid annu-
lus. RV IVA is not recommended as a screening parameter
for RV systolic function in the general echocardiography
laboratory population. Because of the broad confidence in-
terval around its lower reference limit, no reference value
can be recommended.

Regional RV Strain and Strain Rate. Strain is defined as percent-
age change in myocardial deformation, while its derivative, strain rate,
represents the rate of deformation of myocardium over time. Strain
rate has been closely correlated with myocardial contractility in
in vitro and in vivo experimental settings.'>°

One-dimensional strain is acquired using Doppler tissue imaging
and is consequentially angle dependent. It is most reproducible in
the apical 4-chamber view, interrogating the basal, mid, and, to a lesser
degree, apical segments of the RV free wall. As a result, one is limited
to mostly longitudinal strain. A number of algorithms have been adap-
ted to try to deal with issues in signal to noise ratio, and varying groups
studying strain and strain rate in myocardial performance have used
different protocols. As a result, values obtained may not be the
same across ultrasound platforms, further increasing difficulties in re-
producibility.

To calculate strain, high frame rates are required, ideally =150
frames/s. As such, a narrow imaging sector focusing on the RV

free wall is desired. Care should be taken to align the segment in
the center of the sector to avoid errors due to the angle dependence
of Doppler. A maximum tolerance of 10° to 15° off the axis of con-
traction is recommended.”*® Imaging is in color-coded tissue
Doppler mode, and =3 beats are acquired with suspended respira-
tion. Values for strain and SR are then derived offline on the system
or workstation using equipment-specific algorithms by placing
sample volume(s) or regions of interest of varying sizes in the mid
portion of the segment(s).

Strain and strain rate values have been studied in a number of con-
ditions affecting the right heart, including arrhythmogenic RV dyspla-
sia,'*! pulmonary embolism,'*? PH,'** systemic right ventricle,'>*
and amyloidosis.13 >137 There is a lack of normative data for strain
and strain rate measures of the right ventricle, and most values in
normal subjects represent small groups of patients representing
control arms in pathologic studies. Values for basal, mid, and apical
free wall segments of the right ventricle are displayed in Table 5.
Pooled data yield results with very large SDs around the mean values.
As such, lower reference values based on 95% confidence intervals
are not clinically useful.

Advantages: Regional RV strain represents a potential means to
assess myocardial contractility that is less load dependent, and may be
applicable across a wide range of pathologies.

Disadvantages: There is a lack of normative data. In addition,
this measure is angle dependent and has a poor signal-to-noise ratio.
Finally, this is a complex measure with a high degree of variability that
requires additional software and offline analysis.

Recommendations: The significant disadvantages listed
above limit the clinical use of regional RV strain.
Reference limits cannot be recommended, because of very
wide confidence intervals both around the mean values
and around the reference limits. Strain and strain rate
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Table 5 Longitudinal strain and strain rate

Rudski et al 705

Variable Studies n LRV (95% CI) Mean (95% ClI) URV (95% CI)
2D peak strain rate at the base (s~) 1 61 0.70 (0.50-0.90) 1.62 (1.50-1.74) 2.54 (2.34-2.74)
2D peak strain rate at the mid cavity (s~7) 2 80 0.85 (0.66-1.04) 1.54 (1.46-1.62) 2.23 (2.04-2.42)
2D peak strain rate at the apex (s 2 80 0. 86 (0.46-1.25) 1. 62 (1.46-1.79) 2. 39 (1.99-2.78)
2D peak strain at the base (%) 5 183 8 (14-22) 8 (25-32) 9 (35-43)
2D peak strain at the mid cavity (%) 4 125 20 (15-24) 29 (25-33) 38 (34-43)
2D peak strain at the apex (%) 4 145 9 (15-22) 29 (26-32) 39 (36-43)
Doppler peak strain rate at the base (s™") 7 261 1. 00 (0.63-1.38) 1.83 (1.50-2.15) 2.66 (2.28-3.03)
Doppler peak strain rate at the mid cavity (s~ ') 5 187 0.98 (0.68-1.28) 1.88 (1.73-2.03) 2.79 (2.49-3.09)
Doppler peak strain rate at the apex (s~) 5 204 1. 14 (0.60-1.69) 2. 04 (1.57-2.51) 2. 93 (2.39-3.48)
Doppler peak strain at the apex (%) 7 290 7 (12-21) 30 (27-34) 44 (39-48)
Doppler peak strain at the base (%) 11 385 3 (9-17) 29 (27-31) 45 (41-49)
Doppler peak strain at the mid cavity (%) 7 269 3(9-18) 31 (29-32) 48 (44-52)

ClI, Confidence interval; LRV, lower reference value; 2D, two-dimensional; URV, upper reference value.

remain research tools in experienced labs until their limita-
tions can be overcome.

Two-Dimensional Strain. Strain measurement has been possible
using 2D images, resulting in the estimation of 2D strain. This new
measure of regional and global contractility uses frame-by-frame
tracking of unique speckles in the myocardium with an algorithm
that allows tracking the speckle location on sequential images using
correlation criteria and sum of absolute differences. In one ultra-
sound platform, this process is performed using velocity vector
tracking. In addition to generating strain curves in individual seg-
ments, algorithms exist to average strain over the entire chamber.
A significant advantage of 2D tracking methods is that they are
not angle dependent within the acquired imaging plane, but proper
alignment of image planes is still important. Two-dimensional strain
has been applied and validated in the LV and has recently been
studied to assess RV function in systemic right ventricle and in pa-
tients with PH."**

Advantages: This technique is relatively angle independent and
possesses an improved signal-to-noise ratio. It can also provide re-
gional function estimates, as well as a more “global” function.

Disadvantages: There is a lack of normative data regarding this
technique, which also requires additional validation. Requiring addi-
tional software, it is dependent on adequate image quality. The
“global” nature is derived only from a single view, making it not a truly
global assessment of RV function. Finally, different algorithms in dif-
ferent platforms may result in different normal ranges.

Recommendations: Because of the lack of reproducibility
and the paucity of data, this technique is not recommended
for routine clinical use. No reference limits can be recom-
mended, because of the large degree of variability.

SUMMARY OF RECOMMENDATIONS FOR THE
ASSESSMENT OF RIGHT VENTRICULAR SYSTOLIC
FUNCTION

Visual assessment of RV systolic function gives the reader an initial
qualitative evaluation of RV systolic function but remains insufficient
in this era of standardization. There are several simple and reproduc-
ible methods of assessing RV systolic function that should be incorpo-
rated into the routine echocardiographic assessment. These are FAC,

TAPSE, pulsed tissue Doppler S’, and MPI. Combining more than one
measure of RV function, such as S’ and MPI, may more reliably distin-
guish normal from abnormal function.''® It is strongly recommended
that at least one of the above quantitative measures be incorporated
into the routine echocardiographic examination and report, and this is
particularly important when RV dysfunction is suspected and or when
the clinical indication for the study relates to a condition that may af-
fect the right ventricle. More sophisticated techniques such as IVA,
strain, and strain rate are not currently recommended as routine
and are best reserved for specific clinical and research applications
in experienced laboratories.

RIGHT VENTRICULAR DIASTOLIC FUNCTION

A. RV Diastolic Dysfunction

The right ventricle is more than a passive chamber. Acute injury to the
right ventricle, most notably in the context of RV myocardial infarc-
tion, results in marked diastolic dysfunction with elevated filling pres-
sures and clinically apparent jugular venous distension.>%140
Pathophysiology of RV diastolic dysfunction is much more complex
than simply measuring the thickness of the myocardium.'*"'*> A
growing number of acute and chronic conditions have been
associated with RV diastolic dysfunction, including both pressure
and volume overload pathologies, primary lung disease, ischemic
heart disease, congenital heart disease, cardiomyopathies, LV
dysfunction (via ventricular interdependence), systemic diseases,
and the physiologic aging process (Table 7).

B. Measurement of RV Diastolic Function

From the apical 4-chamber view, the Doppler beam should be aligned
parallel to the RV inflow. Proper alignment may be facilitated by dis-
placing the transducer medially toward the lower parasternal region.
The sample volume should be placed at the tips of the tricuspid leaf-
lets."*! With this technique, measurement of transtricuspid flow veloc-
ities can be achieved in most patients, with low interobserver and
intraobserver variability.'*® Care must be taken to measure at held
end-expiration and/or take the average of =5 consecutive beats.'*”
The presence of moderate to severe TR or atrial fibrillation could con-
found diastolic parameters, and most studies excluded such patients.
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Table 6 Diastolic function
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Variable Studies n LRV (95% CI) Mean (95% CI) URV (95% CI)
E (cm/s) 55 2866 35 (33-37) 54 (52-56) 73 (71-75)
A (cm/s) 55 3096 21 (19-24) 40 (38-41) 58 (55-60)
E/A ratio* 56 2994 0.8 (0.7-0.9) 1.4 (1.4-1.5) 2.1 (2.0-2.2)
Deceleration time (ms) 25 1284 120 (105-134) 174 (163-186) 229 (214-243)
IVRT (ms) 28 1241 23 (16-30) 48 (43-53) 73 (66-80)
E' (cm/s) 40 1688 8 (7-9) 14 (13-14) 20 (19-21)
A (cm/s) 37 1575 7 (6-8) 13 (12-14) 20 (19-21)
E//A ratio 29 1053 0.5 (0.4-0.6) 1.2 (1.1-1.3) 1.9 (1.7-2.0)
E/E' ratio 3 359 2(1-2) 4 (4-4) 6 (5-7)

Cl, Confidence interval; IVRT, Isovolumic relaxation time; LRV, lower reference value; URV, upper reference value.
*Age-dependent: average E/A ratio = 1.6 in the third decade of life, decreasing by 0.1 for every subsequent decade.

Estimation of RA pressure by measurement of [VC diameter and col-
lapse with inspiration as described above should be factored into the
determination of RV diastolic function. The parameters used to assess
RV diastolic function are essentially the same as those used to assess
the left side. Those that have been most validated are Doppler veloc-
ities of the transtricuspid flow (E, A, and E/A), tissue Doppler veloci-
ties of the tricuspid annulus (E/, A’, E'/A’), deceleration time, and
IVRT (Table 6). The tricuspid E/E’ ratio, RA area or volume, and dia-
stolic strain rate appear promising and have attracted interest in recent
studies. In addition, the presence of late diastolic antegrade flow in the
pulmonary artery (measured by pulsed Doppler with the sample vol-
ume positioned midway between the pulmonary valve leaflets and
the pulmonary artery bifurcation) is a sign of restrictive diastolic fill-
ing.'*® This sign, mainly described after tetralogy of Fallot repair, oc-
curs when the elevated RV end-diastolic pressure causes premature
opening of the pulmonary valve and transmission of the RA contrac-
tion A wave in the pulmonary artery.

C. Effects of Age, Respiration, Heart Rate, and Loading
Conditions

Most studies have shown that there is a modest correlation (r = 0.30)
between the E/A ratio and increasing age. The E/A ratio decreases by
approximately 0.1 per decade.!'” 149150 Ingpiration causes an
increase in E and therefore an increase in the E/A ratio.
Tachycardia causes an increase in E but a relatively greater increase
in A and therefore a decrease in the E/A ratio.!*"1>%15! When
comparing Doppler parameters between patients or in the same
patient, one must consider the effect of these hemodynamic
variables on the observed parameters. Because of its thin wall, the
right ventricle is very sensitive to afterload (wall stress), especially in
the presence of RV myocardial disease such as ischemia or
infarction.'*#!152153 [t is also sensitive to changes in preload,
whereby a reduction in preload causes a decrease in E but
a relatively smaller decrease in A and therefore a decrease in E/
AP+ Tissue Doppler is less load dependent, because
a reduction in preload causes an equal decrease in E’ and A’ and
therefore an unchanged E'/A’ ratio. Importantly, tissue Doppler
should be used to differentiate normal from pseudonormal filling
patterns with elevated filling pressures as are hepatic vein flow
patterns and vena cava size and collapse.”® Last, the physiologic re-
sponse to exercise is to increase both early rapid filling and atrial con-
tribution. In ischemic patients, the pathophysiologic response is
a failure of the early rapid filling to increase and a heightened depen-
dency on atrial contribution and consequent elevated RA pressure.'>”

D. Clinical Relevance

A small number of studies have evaluated the clinical impact of RV
diastolic dysfunction. The tricuspid E/E’ ratio and RA volume have
been shown to correlate well with hemodynamic parameters. An
E/E’ ratio = 4 had high sensitivity and specificity for predicting RA
pressure = 10 mm Hg in non—cardiac surgery intensive care unit pa-
tients,'>® while an E/E’ ratio > 8 had good sensitivity and specificity
for predicting RA pressure = 10 mm Hg in cardiac transplantation
patients.'>® In patients with chronic heart failure and PH, the presence
of RV diastolic dysfunction was associated with worse functional class
and was an independent predictor of mortality.'°%'°° Diastolic filling
patterns reflect response to therapy, improving with successful
treatment of a variety of cardiac conditions.'®"!®* Finally, RV
diastolic dysfunction may be clinically useful because it serves as an
early and more easily quantifiable marker of subclinical RV
dysfunction. Multiple studies have shown that RV diastolic
dysfunction is usually present before apparent systolic dysfunction
and before RV dilatation or RVH.

Recommendations: Measurement of RV diastolic func-
tion should be considered in patients with suspected RV
impairment as a marker of early or subtle RV dysfunc-
tion, or in patients with known RV impairment as
a marker of poor prognosis. Transtricuspid E/A ratio, E/
E' ratio, and RA size have been most validated and are
the preferred measures(Table 6). Grading of RV diastolic
dysfunction should be done as follows: tricuspid E/A ra-
tio < 0.8 suggests impaired relaxation, a tricuspid E/A ra-
tio of 0.8 to 2.1 with an E/E’' ratio > 6 or diastolic flow
predominance in the hepatic veins suggests pseudonor-
mal filling, and a tricuspid E/A ratio > 2.1 with a deceler-
ation time < 120 ms suggests restrictive filling (as does
late diastolic antegrade flow in the pulmonary artery).
Further studies are warranted to validate the sensitivity
and specificity and the prognostic implications of this
classification.

CLINICAL AND PROGNOSTIC SIGNIFICANCE OF RIGHT
VENTRICULAR ASSESSMENT

Quantitative assessment of RV size and function has proven to be of
important clinical value in a number of cardiac and pulmonary dis-
eases. Numerous publications have demonstrated the prognostic sig-
nificance of RV function.
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Table 7 Conditions associated with right ventricular diastolic
dysfunction

Condition

e Pulmonary embolism

e Pulmonary arterial hypertension

e Smoking

e Chronic obstructive pulmonary disease

e Cystic fibrosis

e Acute hypoxia

e Myocardial infarction or ischemia due to (proximal) right
coronary artery lesion

e Repaired tetralogy of Fallot

o Repaired transposition of the great arteries

e Chronic heart failure

e Cardiac transplantation

e Arrhythmogenic right ventricular cardiomyopathy

o Hypertrophic cardiomyopathy

e Chagas disease

o Essential hypertension

o Aortic stenosis

e Aortic regurgitation

o Mitral regurgitation

e Myocardial infarction due to left anterior descending
coronary artery lesion

e Diabetes mellitus

o Hypothyroidism

e Amyloidosis

e Rheumatoid arthritis

e Systemic sclerosis

o Antiphospholipid antibody syndrome

e Bechet’s vasculitis

o (3-thalassemia

e Renal transplantation

e Hepatopulmonary syndrome

e Normal neonates

e Aging

The normal right ventricle is accustomed to low pulmonary resis-
tance and because of its thin walls is relatively compliant. Hence, con-
ditions that acutely increase PVR, such as pulmonary embolism, result
in increases in RV size prior to the augmentation of pulmonary pres-
sures, which ultimately may result as the ventricle hypertrophies.'®®
Dilatation of the right ventricle thus is the first marker of increases
in PVR. As the right ventricle hypertrophies to overcome the elevated
PVR, RV size, indicated by diameter or volumes, can decrease, and
the RV free wall thickness increases with ultimate increase in RVSP.
In patients with acute pulmonary embolism, initial increases in RV
volume and diameters are often accompanied by a specific pattern
of abnormal regional wall motion in which the mid RV free wall be-
comes dyskinetic with relative sparing of the base and apex.'®® These
findings have important prognostic implications in patients with pul-
monary embolism'®” and are entirely reversible with improvement
in pulmonary hemodynamics.>® In patients with longstanding pulmo-
nary vascular disease or other forms of secondary PH (including from
chronic obstructive pulmonary disease, emphysema, or other forms
of pulmonary parenchymal disease), the right ventricle tends to hy-
pertrophy and normalize volumes at first, followed by eventual and
progressive dilatation.'®®
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RV size and function can also be adversely affected by diseases in-
trinsic to the left ventricle. Patients with LV dysfunction secondary to
myocardial infarction or heart failure are at increased risk for both RV
dilatation and dysfunction.'®”"”? Indeed, RV dysfunction is one of
the most powerful independent predictors of outcome following
myocardial infarction, even in the absence of overt RV
infarction.>”® Similar findings have been shown in patients with
chronic heart failure and in stable survivors a year after
infarction.'”® Data from the Evaluation Study of Congestive Heart
Failure and Pulmonary Artery Catheterization Effectiveness
(ESCAPE) suggest that elevation in pulmonary pressures directly
may contribute to alterations in RV size and function in patients
with heart failure.!”* Moreover, sleep apnea in patients with heart fail-
ure may also contribute substantially to alterations in RV function and
size.!”® These data suggest that clinical assessment of the right ventri-
cle can add incrementally to the standard echocardiographic assess-
ment in patients with left-sided heart disease.

RV size and function can also be affected by diseases affecting the
tricuspid valve resulting in substantial TR. These include carcinoid dis-
ease,'”®””7 in which the tricuspid leaflets can retract and become
functionally incompetent; rheumatic tricuspid disease'”; myxoma-
tous degeneration of the tricuspid valve; or any other situation in
which the tricuspid valve becomes incompetent. The volume over-
load that ensues with TR leads to dilatation of the right ventricle,
which can itself result in further TR.

The most common congenital abnormality that affects the right
ventricle in adult cardiology is atrial septal defect. The increased
flow resulting from the shunt can lead to elevation in pulmonary
pressures and RV dilatation. The population of patients with postop-
erative tetralogy of Fallot with severe pulmonary regurgitation pre-
senting with severe RV dilatation and diminished function is
increasing. Other congenital abnormalities, such as Ebstein anomaly,
and more complex congenital disorders can affect the right ventri-
cle. Situations in which RV morphology appears to be particularly
unusual should raise the suspicion of more complex congenital
heart disease.

CONCLUSION

Echocardiographic assessment of the right ventricle has been largely
qualitative, primarily because of the difficulty with assessing RV vol-
umes because of its unusual shape.!”®'8° Hence, there are minimal
quantitative data overall on RV size and function in normal controls
and in disease states. A gradual shift to more quantitative
approaches for the assessment of RV size and function will help
standardize assessment of the right ventricle across laboratories and
allow clinicians to better incorporate assessment of the right heart
into an echocardiographic evaluation. Improvements in 3D imaging
will result in increased use and have the potential to help in the
clinical assessment of RV size and function.'®!

This guidelines document provides clinicians basic views to assess
the right ventricle and right atrium, the various parameters to assess
RV systolic and diastolic function, and the normal reference values
from pooled data. This will enable echocardiographers to distinguish
an abnormal right ventricle from a normal one. It is hoped that this
document will lead to further work in establishing normal ranges in
larger populations and that the application of the values included
will enhance the value of echocardiography in recognizing RV
dysfunction in clinical practice, in improving disease detection and
in patient follow-up.
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sions or for disciplinary action against any employee. The statements
and recommendations contained in this report are primarily based on
the opinions of experts, rather than on scientifically verified data. The
ASE makes no express or implied warranties regarding the complete-
ness or accuracy of the information in this report, including the war-
ranty of merchantability or fitness for a particular purpose. In no event
shall ASE be liable to you, your patients, or any other third parties for
any decision made or action taken by you or such other parties in
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physician-patient relationship between the ASE and your patients
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