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Right heart adaptation to pulmonary hypertension (PH) is a critical determinant of clinical outcomes,
morbidity, and mortality in patients with or at risk for cardiopulmonary disease. The World Symposium on
Pulmonary Hypertension recently redefined PH as a mean pulmonary arterial pressure >20 mm Hg, based
on a wealth of epidemiologic evidence underscoring the significant impact of even mildly elevated mean pul-
monary artery pressures on major adverse clinical events. The lowered diagnostic threshold for PH has re-
newed interest in echocardiography and its critical role in early detection and screening, refined
hemodynamic evaluation, and longitudinal monitoring. However, the systematic assessment of the right
heart remains inconsistent, largely due to the predominant focus on left heart evaluation, limited familiarity
with right heart ultrasound techniques, and a paucity of reference data defining normal right heart size and
function. A systematic, comprehensive ultrasound-based assessment of the right heart offers valuable diag-
nostic insights for in screening at-risk populations, PH classification, risk stratification, monitoring therapeu-
tic response, and informing prognostication, thereby improving clinical outcomes. (J Am Soc Echocardiogr
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Abbreviations

2DE = Two-dimensional
echocardiography

3DE = Three-dimensional
echocardiography

AccT = Acceleration time

ACHD = Adult congenital
heart disease

AF = Atrial fibrillation

Echocardiography is the diag-
nostic tool of choice in the
comprehensive assessment of
the right heart, largely based on
the 2010 American Society of
Echocardiography (ASE) guide-
lines,' which drew much needed
attention to the importance of
essential imaging techniques
and established reference values
of normality. However, an
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AFTR = Atriofunctional
tricuspid regurgitation

ASE = American Society of
Echocardiography

BSA = Body surface area

CMR = Cardiac magnetic
resonance

CO = Cardiac output
CT = Computed tomography
CW = Continuous-wave

ERS = European Respiratory
Society

ESC = European Society of
Cardiology

ET = Ejection time
FAC = Fractional area change

FDG = 2-deoxy-2-["8F]-
fluorodeoxyglucose

FTR = Functional tricuspid
regurgitation

HVd = Hepatic vein diastolic
wave velocity

HVs = Hepatic vein systolic
wave velocity

IVC = Inferior vena cava

IVCT = Isovolumetric
contraction time

IVRT = Isovolumetric
relaxation time

IVS = Interventricular septum
LV = Left ventricular

LVEDP = Left ventricular
end-diastolic pressure

LVEI = Left ventricular
eccentricity index

LVOT = Left ventricular
outflow tract

MOD = Method of discs

MPA = Main pulmonary
artery

mPAP = Mean pulmonary
artery pressure

MPI = Myocardial
performance index

PA = Pulmonary artery

PAEDP = Pulmonary artery
end-diastolic pressure

PAH = Pulmonary arterial
hypertension
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important diagnostic challenge in
the classification of pulmonary
hypertension (PH) is distinguish-
ing pre-capillary PH from post-
capillary PH due to left-sided
heart disease. Advancements in
Doppler-based techniques for
noninvasive hemodynamic esti-
mation, combined with the func-
tional assessment of right heart

remodeling in

response to

increased afterload, have estab-
lished echocardiography as an
essential first-line imaging modal-
ity. Furthermore, echocardiogra-
phy is a widely available clinical
tool that demonstrates practi-
cality, repeatability, and value in
serial monitoring of therapeutic
interventions in PH given its
high specificity and positive pre-
dictive value.'

places the 2010 ASE

The present document re-
right

heart guidelines,' providing up-
dated normative values and
severity grading for relevant
right heart echocardiographic
parameters on the basis of a
comprehensive review of pub-
lished large epidemiologic co-
horts, as shown in Table 1.

Furthermore, this
places

document

special emphasis on

evaluating the right heart in
the context of individuals with

pulmonary

vascular  disease

(PVD) at risk for and with
PH, across World Symposium
on Pulmonary Hypertension
(WSPH) subtypes®’

Specifically, the purposes of

the present guidelines document
are as follows:

1.

Describe the updated PH classifi-
cation and how the right heart
adapts to emerging PVD, focusing
on structural and functional
changes in response to increased
afterload.

. Define the optimal acoustic win-

dows and echocardiographic views
and parameters required for right
heart evaluation.

. Provide reference values to define

normality and grade abnormality
on the basis of a critical review
of the literature.

. Present recommendations on the

assessment of tricuspid valve (TV)
and pulmonic valve (PV) disease
and special considerations in PH.
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PASP = Pulmonary artery
systolic pressure

PCWP = Pulmonary capillary
wedge pressure

PET = Positron emission
tomography

PH = Pulmonary hypertension
PLAX = Parasternal long-axis
PR = Pulmonic regurgitation
PS = Pulmonic stenosis

PSAX = Parasternal short-
axis
PV = Pulmonic valve

PVD = Pulmonary vascular
disease

PVR = Pulmonary vascular
resistance

PW = Pulsed-wave

RA = Right atrial

RAP = Right atrial pressure
RAV = Right atrial volume

RHC = Right heart
catheterization

RV = Right ventricular

RVEDA = Right ventricular
end-diastolic area

RVEDV = Right ventricular
end-diastolic volume

RVEF = Right ventricular
ejection fraction

RVESA = Right ventricular
end-systolic area

RVESV = Right ventricular
end-systolic volume

RVFW = Right ventricular free
wall

RVFWS = Right ventricular
free wall strain

RVGLS = Right ventricular
global longitudinal strain

RVH = Right ventricular
hypertrophy

RVOT = Right ventricular
outflow tract

RVSP = Right ventricular
systolic pressure

RVWT = Right ventricular wall
thickness

5. Propose standard image acquisi-
tion and reporting for right-sided
measures in clinical practice.

6. Establish the essential role for
echocardiography in screening,
detection, monitoring of thera-
peutic response, and prognostica-
tion of PH.

A. QUALITATIVE AND
QUANTITATIVE
ASSESSMENT OF THE
RIGHT HEART

Given the complex geometric
configuration of the right heart,
which varies in shape with loading
conditions, such as PH, heart fail-
ure, and valvular heart disease,
the comprehensive qualitative
and quantitative assessment of
chamber size is essential. Figure 1
demonstrates the recommended
imaging windows for comprehen-
sive right heart chamber assess-
ment. Table 2  summarizes
recommendations  for  image
acquisition of essential right heart
chamber size with representative
illustrations.

Right Atrium

The right atrium (RA) is the least
studied cardiac chamber, yet its
importance has been well docu-
mented across various condi-
tions. A contemporary meta-
analysis underscored the clinical
value of RA area as a simple
reproducible measure that is
significantly associated with clin-
ical worsening, morbidity, and
mortality in PH.* RA size is also
an integral component of exist-
ing PH screening and risk stratifi-
cation algorithms in patients at
risk for and with PH.*”

A thorough evaluation of RA
chamber size and function is
crucial in the assessment of the
right heart. Anatomically, the RA
is composed of an appendage
and a vestibule, which includes
the fossa ovalis, crista terminalis,
and Eustachian valve. The RA
chamber is best imaged from a
modified right ventricular (RV)—
focused view, > focused on opti-
mizing atrial visualization. First,

STE = Speckle-tracking
echocardiography

SV = Stroke volume

TAPSE = Tricuspid annular
plane systolic excursion

TCO = Tricuspid closure-
open interval

TDI = Tissue Doppler imaging

TEE = Transesophageal
echocardiography

TMAD = Tissue motion
annular displacement

TR = Tricuspid regurgitation
TV = Tricuspid valve
TVA =Tricuspid valve annulus

UEA = Ultrasound enhancing
agent

VTI = Velocity-time integral

WSPH = World Symposium
on Pulmonary Hypertension
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the right heart is visualized from
the apical four chamber view, and
the transducer is moved laterally
to ensure complete visualization
of the RV free wall (RVFW)
throughout the cycle, as shown in
Figure 2. To obtain the RA-focused
view, the proble is then tilted supe-
riorly (upward) and medially (to-
ward the sternum) to maximize
visualization of the entire RA cham-
ber. The depth, focus, and gain set-
tings can be adjusted to enhance
endocardial border definition and
frame rate and optimize image
quality. Employing an atrial-
focused view has been shown to
improve area and volumetric mea-
surements of the RA chamber,
comparable with volumetric assess-
ment by three-dimensional echo-
cardiography (3DE).°

RAvolume (RAV) can be evalu-
ated using the single-plane
method of discs (MOD) or the
area-length approach. Compared
directly against the single-plane

MOD, volumes obtained using the area-length approach are often
larger. Since a standardized orthogonal plane for the RA is not available
to enable biplane volume measurements, volumes derived using the sin-
gle-plane MOD method is recommended. RAV measurements using
the MOD approach are more accurate compared to linear measure-
ments, although they may be enlarged in normal subjects, such as ath-
letes and men, even after indexing to body surface area (BSA). RA
enlargement should be considered abnormal when contextual factors
such as patient demographics and clinical history suggest underlying pa-
thology or when associated findings, such as impaired RA function, sig-
nificant tricuspid regurgitation (TR), or signs of elevated RA pressure
(RAP), are present. Similar to the left atrium, increased RAV is a better

reflection of chronic filling conditions and RV diastolic dysfunction.

2

Three-dimensional echocardiography (3DE)—derived RAV is ob-
tained from the RA-focused apical view using multibeat full-volume
acquisition and tend to be larger than volumes derived using two-
dimensional echocardiographic (2DE) methodology. However,
although 3DE-based RAV provides detailed volumetric and func-
tional RA assessments, its clinical application is still emerging and it
is not yet widely recommended for standard clinical use.

Key Points

e The RA is best imaged from the apical four-chamber view at the
end of ventricular systole and tilting upwards to maximize visu-
alization of the superior aspect of the chamber. The single plane
MOD is the best approach to assess RAV.

e Normal thresholds are RA area < 19 cm? RAV index
(MOD) < 30 mL/m?, and RAV index (area-length) <32 mL/, m>.

e An enlarged RA chamber can be seen in normal subjects, even af-
ter indexing to BSA. When abnormal, RA dilatation reflects
chronic elevations in filling pressures and RV diastolic dysfunction.




144 Mukherjee, M et al

Recommendation

1. Given its inclusion in screening algorithms for PH and prog-
nostic significance, RA area and/or RAV indexed to BSA
should be included in standard echo reporting.

Right Ventricle

In normal subjects, the RV assumes a flattened, pear-shaped appear-
ance consisting of three major anatomic components: (1) the inlet
portion, comprising the TV and subvalvular apparatus and the papil-
lary muscles; (2) the trabeculated apical myocardium; and (3) the
infundibulum or conus, encompassing the smooth-walled RV outflow
tract (RVOT) beneath the PV. By 2DE, no single geometric model can
capture all three components in a single plane and therefore, multiple
imaging planes are required for a comprehensive quantitative
assessment, as shown in Figure 1. Qualitatively, the RV should
appear no more than two-thirds the size of the left ventricular (LV)
with relative predominance of the LV apex from the apical
four-chamber view.'”

Acquisition techniques for RV quantitative measures are further
detailed in Table 2, however two important considerations should
be emphasized. First, RV linear measurements obtained from the par-
asternal views are variable depending on transducer angulation and
the rib interspace from which they were acquired. Second, RV basal,
midventricular, and longitudinal dimensions should be obtained in
end-diastole from the apical RV-focused view, ensuring that the lateral
wall is visualized throughout the cardiac cycle (Figure 2). The RV-
focused view has been shown to provide more reproducible measure-
ments of RV size and function than the conventional apical four-
chamber view.” With maladaptation of the right heart chambers
seen in progressive high afterload states such as PH,%° the longitudinal
linear dimension should be adjusted to represent the distance from
the displaced apex perpendicularly to the tricuspid valve annulus
(TVA), parallel to the interventricular septum (IVS).

The RV wall thickness (RVWT) is preferentially measured from
the subcostal view in end-diastole. RVWT measurements may be
obtained from the 2DE-directed linear measures and/or M-mode
imaging from the anteromedial aspect of the free wall, halfway be-
tween the TVA and papillary muscles. Subcostal acoustic windows
are advantageous in patients with PH and significant lung disease,
enabling right heart imaging without interference from bone or
lung artifacts. The subcostal approach is also useful for patients
who cannot be positioned in the lateral decubitus position.
However, subcostal imaging may be challenging due to the relatively
thin RVFW and prominent trabeculations of the RV cavity. In these
cases, RVWT can be measured from the parasternal long-axis
(PLAX) view. Increased RVWT can be seen in PH across WSPH
classes depending on the time course, underlying disease etiology,
disease duration, and the degree of adaptation.”'? However,
increased RVWT is a nonspecific finding and can also be seen in
infiltrative and inherited cardiomyopathies.

In addition to linear dimensions, RV size can be measured by
area and volume using 2DE and 3DE, respectively, from the RV-
focused view, as detailed in Table 2. For both 2DE-derived RV
end-diastolic area (RVEDA) and RV end-systolic area, and 3DE-
derived RV end-diastolic volume (RVEDV) and RV end-systolic vol-
ume (RVESV), the endocardial border should be traced such that
the papillary muscles, trabeculations, and moderator band are
included within the measurements. When feasible, RV volumetric
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measures should be obtained using 3DE techniques, as there is
no simplified method to calculate RV volumes using 2DE
alone.” To obtain a full 3DE volume data set of the entire
chamber, imaging is performed at minimal depth and with a
limited sector size. Although most dedicated RV analytic
software automatically identifies the timing of end-diastole and
end-systole, the maximum and minimum RV chamber sizes and
endocardial borders should be manually verified.

When compared with cardiac magnetic resonance (CMR) imaging,
RV volumes are slightly underestimated by echocardiography.'*'”
Intervendor and intersoftware discrepancies may also contribute to
variability in RV volume measurements.'® Studies have consistently
shown that women have smaller RV volumes compared with men,
even when adjusted for BSA,'®2! and are smallest among Asian
adults.?” There is conflicting data, however, regarding the impact of
physiologic aging on 3DE-derived RV volumes. A prior study of
507 healthy volunteers found a 5 mL/decade decrease in RVEDV
and a 3 mL/decade decrease in RVESV.'” However, a more recent
meta-analysis suggests that the overall change per decade is smaller,
with a reduction of 1-2 mL/decade for both RVEDV and RVESV,'®
Additionally, data from the World Alliance Societies of
Echocardiography (WASE) has suggested that there are no significant
differences in these parameters with age.””

Key Points

o Quantitative measures of RV chamber size are readily obtained
using standard parasternal short-axis (PSAX) and PLAX views
and from the apical RV-focused view.

o RVWT should be obtained from the anteromedial aspect of the
free wall using the subcostal view by direct 2DE measures and/
or M-mode imaging. If technically difficult, the PLAX view can
also be used for RVWT measurements.

e The normal value for RVWT is <5 mm.

e 3DE-derived RV volumes can be can be obtained using dedi-
cated software from a full-volume data set, although they
may be underestimated compared with CMR.

Recommendations

1. RV chamber quantification should be performed from the
parasternal windows and the apical RV-focused view,
ensuring that the RVFW is visualized throughout the cardiac
cycle.

2. Critical measures for reporting include at least one quantita-
tive measure of RV chamber size, typically the basal dimen-
sion obtained from the RV-focused apical four-chamber
view. However, multiple measures may be necessary in select
populations.

3. RVWT should be reported if abnormal.

Interventricular Septum

The morphology and phasic function of the IVS are closely linked to
contractility, hemodynamic conditions, electric conduction, and the
intricate interplay between the two ventricles.”” IVS morphology
can be assessed visually on M-mode imaging, 2DE, and 3DE. The
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Table 1 Summary of reference limits for recommended measures of right heart structure and function

Abnormality Grading

Variable Normal Reference Value Mild Moderate Severe
Chamber dimension
RA major dimension, cm <5.4 =5.4to0 =5.8 >5.8to 6.3 >6.3
RA minor dimension, cm <4.2 =4.2 to =4.7 >4.7 to =5.1 >5.1
RA area, cm? <19 =19 to =22 >22 to =24 >24
RAV index (method of disks), mL/m? <30 =30to =36 >36 to =41 >41
RAV index (area-length method), mL/m? <33 =33 to =38 >39 to =44 >44
RA end-systolic volume index (3D method), mL/m? <42 =42 to =49 >49 to =57 >57
RA end-diastolic volume index (3D method), mL/m? <20 =20to =23 >23 to =27 >27
RV diameter basal, cm <41 =4.1t0=4.4 >4.4t0 =4.9 >4.9
RV diameter basal index, cm/m? <2.4 =2.41t0=2.6 >2.6to =2.9 >2.9
RV diameter midventricular, cm <3.5 =3.5to0 =3.8 >3.8 to =4.2 >4.2
RV diameter longitudinal, cm <8.2 =8.2to =8.9 >8.9to0 9.6 >9.6
RVOT PLAX diameter, cm <3.3 =>3.3t0 =3.5 >3.5to =3.9 >3.9
RVOT PSAX proximal diameter, cm <3.4 =3.4to0 =3.8 >3.8t0 =4.1 >4.1
RVOT PSAX distal diameter, cm <2.9 =2.910 =3.0 >3.0 to =3.3 >3.3
RVWT, cm <0.5 =0.5to0 =0.7 >0.7 to =0.9 >0.9
RV end-systolic area, cm? <14 =14 to =16 >16to =19 >19
RV end-systolic area index, cm? <8 =8to =9 >9 to =11 >11
RV end-diastolic area, cm? <25 =25 to <28 >28 to =32 >32
RV end-diastolic area index, cm? <14 =14to =15 >15to =17 >17
3D end-systolic volume, mL <66 =66 to <77 >77 to =89 >89
3D end-systolic volume index, mL/m? <41 =41 to =48 >48 to =55 >55
3D end-diastolic volume, mL <130 =130 to =150 >150 to =170 >170
3D end-diastolic volume index, mL/m? <90 =90 to =103 >103 to =115 >115
PA, cm <2.5 =2.51t0 <3.0 >3.0to =3.5 >3.5
RV systolic function
TAPSE, cm >1.7 =1.7t0 =13 =1.3t0>1.0 =1.0
Tissue Doppler S’ velocity, cm/s >90.5 =9.5t0 =7.2 =7.2t0>5.0 =5.0
Tissue Doppler RV MPI <0.55 =0.55 to <0.62 =0.62 to <0.70 =0.70
Pulsed Doppler RV MPI <0.40 =0.40 to <0.49 =0.49 to <0.57 =0.57
FAC, % >35 =35 to >29 =29 to >22 =22
3D RVEF, % >45 =45 to <39 =39 to =32 <32
RV longitudinal free wall strain (three segment), %* >20 =20to <15 <15to =11 <11
RV longitudinal global strain (six segment), %* >17 =17 t0 >13 =13t0>9 =9
RV diastolic function
RV E/A ratio =0.8to <2.0 <0.8 0.8to 2.1 >2.1
Impaired relaxation Pseudonormal Restrictive
RV €'/a’ ratio =0.51t0<1.8 =1.8 to =2.1 >2.1to =24 =25
RV E/¢’ ratio <6.0 =6.0to =7.3 >7.3to =8.4 =8.5
Deceleration time, ms =120 to =230 =87 to <120 =57 to <87 =57
Hemodynamics
TRV maximum, m/s’ <2.8 =2.8"t0 =3.1 =3.2t0 =3.5 =3.6
RVSP, mm Hg =34 =35 to =49 =50 to =69 =70
RAP, mm Hg =0 to <5 (mean 3) =5 to <10 (mean 8) =10to <15 =15
RVOT AccT, ms >105 =80 to =105 =60 to <80 =60

3D, three-dimensional; AccT, acceleration time; FAC, fractional area change; PA, pulmonary artery; RA, right atrium; RAP, right atrial pressure;
RAV, right atrial volume; RV, right ventricle; RVEF, right ventricular ejection fraction; RVOT, right ventricular outflow tract; RVSP, right ventricular
systolic pressure; RVWT, right ventricular wall thickness; TAPSE, tricuspid annular plane systolic excursion; TRV, tricuspid regurgitant velocity.

*Absolute values and ranges for strain are shown.

TResting peak TRV of =2.9 or =2.8 m/s with at least two adjunctive echocardiographic signs suggests PH.
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Figure 1 Standard transthoracic imaging planes for comprehensive right heart assessment. Several key views should be included in the
standard echocardiographic assessment of the right heart. The PLAX view assesses RV internal diastolic dimension, while the paraster-
nal RV outflow view quantifies mid and distal RVOT size, RVOT AccT, and the structure and function of the TV and PV. A high parasternal
outflow view visualizes the proximal PA and PA bifurcation. The parasternal RV inflow view typically focuses on the anterior and septal
tricuspid leaflets, while parasternal short-axis views can be used to assess the LV eccentricity index. The apical views (four-chamber,
RA and RV focused) are essential for evaluating right heart chamber size and function. Hemodynamic assessment of RVSP often re-
quires imaging planes such as the RV inflow, apical RV-focused, reversed four-chamber, and subcostal views. PAEDP and RVOT
AccT are obtained from the parasternal RV outflow view. The subcostal long-axis view assesses RVWT, RA and RV size, hypertrophied
infundibular muscle bundles, and provides alternative imaging planes for assessing the structure and function of the TV and PV, as well
as evaluating for RVOT obstruction. The subcostal view is particularly useful in cases of congenital heart disease. Images provided by

Langi Hua, RCDS. Ao, Aorta; EV, Eustachian valve; LA, left atrium; MV, mitral valve; PM, papillary muscle.

LV eccentricity index (LVED) quantifies the change to the geometric
and physiologic curvature of the septum throughout the cardiac cycle
as a marker of RV loading conditions. The magnitude of [VS flattening
is defined as the length ratio of two perpendicular LV dimensions, the
LV anteroposterior and septolateral dimensions, from the PSAX view
at the level of the papillary muscles, as shown in Table 2.

In normal hemodynamic states, the LVEI ratio is 1 in both end-
systole and end-diastole, reflecting a roughly circular profile of the
LV chamber throughout the cardiac cycle. An LVEI greater than 1
at end-diastole suggests RV volume overload. Common clinical sce-
narios leading to RV volume overload include significant pulmonic
regurgitation (PR) and/or TR, and congenital conditions such as
atrial septal defect and anomalous pulmonary venous drainage.
RV pressure overload distorts the IVS predominately during RV
end-systole and early LV diastole, resulting in LVEI > 1 at end-
systole. Flattening of the LVEI in end-systole can occur in PH as
well as conditions such as pulmonic stenosis (PS) and RVOT
obstruction, even in the absence of elevated pulmonary pressures.

In contrast, an LVEI value >1 at both end-systole and end-diastole
suggests elevated RV pressure with or without concomitant volume
overload. Advanced PH and right heart failure may be associated
with progressive flattening and distortion of the [VS, interventricular
mechanical dyssynchrony, and LV underfilling.>*

Abnormal LVEl is a common finding among patients with precapil-
lary PH and an important prognostic marker in this population, > %
leading to the incorporation of this metric in clinical PH
screening.”> Quantifying LVEI reduces interobserver variability
compared with subjective assessment; however is dependent on an
accurate imaging plane and optimal visualization. Additionally, IVS
morphology and function are best assessed without significant con-
duction abnormalities such as preexcitation and paced rhythms, after
cardiac surgery, or in conditions that may result in ventricular interde-
pendence, such as constrictive pericarditis.”> Recent advances in post-
processing techniques demonstrate the feasibility of three-
dimensional echocardiographic septal curvature analyses, allowing
quantification of regional RV septal morphology.*’
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Table 2 Right heart quantitative chamber assessment

Variable Image acquisition lllustration

RA major dimension (long- From the dedicated RA-focused apical 4Ch
axis, longitudinal), cm view, linear RA dimensions are measured
at the end of ventricular systole.

The major (long-axis longitudinal, yellow line)
dimension of the RA is from the center of
the TVA to the center of the superior RA
wall, parallel to the interatrial septum.

RA minor dimension, The RA minor (transverse, red line)

(short axis, transverse), cm dimension is obtained from the midlevel of
the RA free wall to the interatrial septum,
perpendicular to the long axis of the
chamber, excluding the RA appendage
and venae cavae.

RAA 13.8 cm2

RA end-systolic area, cm? The RA area is measured from the lateral
aspect of the TVA to the septal aspect RAEVIZSSmim2 4
following the RA endocardium and S
excluding the IVC and superior vena cava
and RA appendage.

RA volume (2D and 3D), 2DE volumes are obtained from the
cm?® dedicated RA-focused apical 4Ch view at el
the end of ventricular systole and can be
calculated either by the single-plane
Simpson’s method or the area-length
method. 2DE-derived RAV is typically
smaller than those obtained by 3DE.
Volumes should be indexed to BSA.
3DE datasets are usually obtained from the
apical approach using a multi-beat full-
volume acquisition.

(Continued)




148 Mukherjee, M et al Journal of the American Society of Echocardiography
March 2025

Table 2 (Continued)

Variable Image acquisition Illustration
RV chamber
Basal, cm From RV focused apical 4Ch view, the basal Shnctirdiy Normat promr—

dimension is measured at end-diastole Right Ventricle Abnormal Right

Ventricle

just beneath and parallel to the tricuspid
annular plane from RVFW to the
interventricular septum.

Midventricular, cm From approximately halfway between the
tricuspid annular plane and the apex, the
midventricular dimension is measured
from RVFW to interventricular septum
parallel to the tricuspid annular plane.

Longitudinal, cm The longitudinal dimension is measured just
beneath the tricuspid annulus from the
midpoint to the tip of the RV apex.
However, this measurement is highly
dependent on probe rotation, and it is
important to avoid foreshortening. If the
RV apex is displaced leftward, the
measurement should be taken from the
displaced apex to the midpoint of the
basal dimension.

RVEDA, cm? From the RV-focused apical 4Ch view, the
endocardial border is traced in end-
diastole from the lateral tricuspid annulus
along the RVFW to the apex and back
along the IVS toward the medial tricuspid
annulus. The papillary muscles,
trabeculations, and moderator band are all
included in the cavity area.

RVESA, cm? From the RV-focused apical 4Ch view, the
endocardial border is traced in end-
systole from the lateral tricuspid annulus
along the free wall to the apex and back
along the IVS toward the medial tricuspid
annulus. The papillary muscles,
trabeculations, and moderator band are alll
included in the cavity area.

RV wall thickness, cm From the subcostal view, the RVWT is
measured in end-diastole at the level of
the RV inflow (initial one-third of the RV
chamber between the tricuspid annulus
and papillary muscles), excluding
trabeculations, papillary muscle and
pericardial fat. RVWT can be measured by
M-mode or 2DE-directed images.
However, M-mode images can be
confounded by the angle of insonation.

(Continued)
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Variable

Image acquisition

Illustration

Interventricular septal

morphology

RVOT

Proximal diameter, cm

Distal diameter, cm

Pulmonary artery, cm

Elis calculated as the ratio of two dimensions

and is unitless. D1 is the septal-lateral
dimension (red) perpendicular to the
interventricular septum, dividing the
ventricle in half. D2 is the anterior-posterior
dimension (yellow) parallel to the IVS at the
midpoint of the chamber. Both the RVEI
and the LVEI are measured from the PSAX
at the level of the papillary muscles in end-
diastole and end-systole.

El = D2/D1
LVEI quantifies the presence of abnormal

IVS curvature in RV volume overload (when
measured at end-diastole) and RV
pressure overload (when measured at end-
systole). LVElis calculated as D2/D1 and is
abnormal if > 1.

RVEI quantifies the presence of abnormal

IVS curvature in RV volume overload (when
measured at end-diastole) and RV
pressure overload (when measured at end-
systole). The RVEI = D2/D1 and is
abnormal if > 1. LVEI is used more
commonly than RVEL.

The proximal RVOT dimension can be

measured at the end of diastole in both
parasternal long-axis and cross-sectional
imaging planes. RVOT measurements can
differ by up to 40% between planes. The
proximal RVOT dimension from the PLAX
view is measured from RVFW to IVS,
proximal to the aortic valve, transecting
the RV chamber, and is referred to as the
RVIDD when measured from this plane.
From the PSAX, the proximal RVOT
diameter is measured from RVFW the
anterior aortic wall above the aortic valve,
perpendicular to the RV chamber.

The distal RVOT dimension is measured

from the PA bifurcation PSAX view from
lateral aortic wall to distal RVOT free wall
just proximal to the pulmonary annulus in
end-diastole. The distal RVOT dimension
from this imaging plane is less variable.

The PA dimensions are measured from the

PA bifurcation PSAX view in end-diastole.
The MPA dimension is measured halfway
between the pulmonary annulus and the
PA bifurcation. The left and right PA
dimensions are measured at the proximal
portion of the respective PA branch in
end-diastole.

End-Diastole

End-Systole

5 ~ 5
y{[)ist 241cm
;2 Dist 2.61cm
| -
d = >

(Continued)
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Table 2 (Continued)

Variable Image acquisition Illustration

3D volumes An ECG-gated 3DE dataset is acquired from
an RV-focused apical 4Ch view by
combining sub-volumes generated from 4
to 6 consecutive cardiac cycles. From the
apical 4Ch view, the entire RVFW and
apex should be included and breath
holding can be used to avoid stitching
artifact. If the RV-focused view is
suboptimal, the subcostal view can also
be used. If the rhythm is irregular, using a
two-beat full-volume acquisition can also
be used to avoid stitching artifact,
although a two-beat acquisition may
reduce temporal resolution. UEA should
be considered when imaging quality is
suboptimal.

2DE, two-dimensional echocardiography; 3DE, three-dimensional echocardiography; 4Ch, four-chamber; BSA, body surface area; El, eccentricity
index; IVC, inferior vena cava; IVS, interventricular septum; LVEI, left ventricular eccentricity index; PA, pulmonary artery; PLAX, parasternal long
axis; PSAX, parasternal short axis; RA, right atrium; RAV, right atrial volume; RVEDA, right ventricular end-diastolic area; RVEI, right ventricular ec-
centricity index; RVESA, right ventricular end-systolic area; RVFW, right ventricular free wall; RVIDD, right ventricular internal diastolic dimension;

RVOT, right ventricular outflow tract; RVWT, right ventricular wall thickness; TVA, tricuspid valve annulus; UEA, ultrasound enhancing agents.

Key Points

e LVEI is the ratio of LV anteroposterior and LV septolateral di-
mensions measured from the PSAX view at the level of the
papillary muscles and has prognostic value in PH.

e [VEI=1 in both end-systole and end-diastole reflects a circular
LV profile throughout the cardiac cycle and normal RV hemo-
dynamic conditions.

e [VEI> | at end-diastole suggests RV volume overload.

e LVEI> | in end-systole suggests RV pressure overload.

e LVE[ > 1 in end-systole and end-diastole suggests RV pressure
overload with or without concomitant volume overload.

Recommendations

1. LVEI should be measured to evaluate the presence and extent
of RV volume and/or pressure overload.

2. Quantification and reporting of LVEI should be included when
abnormal.

Pulmonary Artery

Similar to the right heart chambers, the main pulmonary artery (MPA)
dilates in response to volume and pressure overload, and 2DE
quantification of MPA diameter can be used to refine PH risk
prediction.’® The MPA dimension is evaluated from a PSAX view,
at the level of the aortic valve, and then angling upward visualize
the MPA and proximal pulmonary artery (PA) bifurcation. MPA diam-
eter should be measured in end-diastole halfway between the PV and
the PA bifurcation. Although technically feasible in most patients, pre-

cise MPA measurement may be challenging because of parallel orien-
tation of the arterial walls with the ultrasound beam and rib artifact. In
addition to transthoracic approaches, several views during transeso-
phageal echocardiography (TEE) allow the evaluation of the MPA
and its main branches.’'

A 2DE-derived MPA end-diastolic diameter of >25 mm is consid-
ered abnormal. However, data derived from computed tomography
(CT) suggest a normative value for the systolic diameter of the MPA of
29 mm in men and 27 mm in women, > while CMR-derived norma-
tive values suggest a range of 21 to 33 mm in men and 19 to 31 mmin
women.”> The systolic diameter of the MPA and its size relative to the
ascending aorta by cardiac CT angiography correlates with invasive
pulmonary pressures.’>>* By TEE, a ratio of MPA to the ascending
aorta =1 has also been shown to identify patients with PH, with sensi-
tivity of 84.3%, specificity of 83.9%, positive predictive value of
87.6%, negative predictive value of 81.1%, and area under the
receiver operating characteristic curve of 0.91 compared with CT-
based studies.”®

Taken together, although absolute normative values may differ by
modality and are generally smaller by 2DE compared with CT and
CMR, 2DE-derived MPA diameter > 25 mm and/or MPA/ascending
aorta ratio = 1 are abnormal. It is also important to note that variability
among 2DE, CTand CMR measurements can arise from differences in
cardiac cycle timing, such as end-diastolic vs systolic phase acquisition,
and recognition of these differences is essential for accurate interpreta-
tion across modalities. A dilated MPA may also be a nonspecific finding
and can be seen in PH across WSPH classifications, chronic lung dis-
ease, connective tissue disorders (e.g, Marfan syndrome, Ehlers-
Danlos syndrome), acute and chronic pulmonary embolism, and
congenital heart disease (e.g, atrial septal defect, ventricular septal
defect).



Journal of the American Society of Echocardiography
Volume 38 Number 3

Key Points

e MPA dimensions can be readily obtained by 2DE and can aid in
estimating PH probability.

o MPA end-diastolic diameter > 25 mm and/or a ratio of MPA to
ascending aortic diameter =1 by 2DE are considered

abnormal.

Recommendations

1. MPA diameter is measured in end-diastole halfway between
the PV and the bifurcation of the MPA from the PSAX, PA-
focused view as part of a standard examination.

2. MPA diameters should be reported when abnormal.

B. FUNCTIONAL ASSESSMENT OF THE RIGHT HEART

Comprehensive echocardiographic assessment of right heart function
is performed from the apical four-chamber view, as shown in Figure 2.
Table 3 summarizes recommendations for image acquisition of essen-
tial right heart functional parameters.

Right Atrial Strain and Emptying Function

The RA is a dynamic structure with complex phasic function throughout
the cardiac cycle, reflecting the intricate interplay between RA function
and RV systolic and diastolic performance. The principal role of the RA
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is to regulate RV filling, serving as a reflection of RV hemodynamic con-
ditions, as well as systolic and diastolic function. There are three phases
of RA function. The RA reservoir phase occurs during ventricular sys-
tole, when the RA serves as a reservoir for systemic venous return, gov-
erned primarily by atrial compliance and relaxation. Next is the conduit
phase, occurring during early ventricular diastole, and is modulated by
RV relaxation and chamber stiffness. The last phase is the RA booster
phase during late diastole, when RV filling is augmented by atrial
contraction and is influenced by atrial contractile properties.

Evaluating RA strain using speckle-tracking echocardiography (STE)
is an emerging technique to assess phasic RA function. RA strain is
quantified from an RA-focused apical four-chamber view, optimized
to visualize the entire RA chamber, using dedicated software either
during image acquisition or post-processing. The RA chamber should
be visualized without foreshortening and ensuring that the endocardial
borders are visualized throughout the cardiac cycle. Foreshortened im-
ages may overestimate RA strain. On most commercially available plat-
forms, atrial dedicated STE software can be applied can be applied to
the chamber from the atrial-focused apical four-chamber view.

RA reservoir strain values are higher than corresponding left atrial
strain values and are also higher in women than men.*” Higher RAV
and diminished reservoir strain have been shown to predict clinical
worsening and correlate with function status and hemodynamic de-
rangements in precapillary PH.*°>? STE-derived RA strain may also
serve as an independent contributor to right heart performance and
adaptation in PH.*° Although it is a promising tool for the RA func-
tional assessment, the clinical applicability of RA strain is limited by
the lack of established reference values across diverse populations
and broad reference ranges in healthy adults.*'**

N
S

RA-Focused Apical 4Ch view

Conventional Apical 4Ch view

Focused Apical 4Ch view

.Latera’ >

RV-Focused Apical 4Ch view

Figure 2 Approach to acquisition of the RA- and RV-focused views. To obtain the RV-focused apical 4Ch view, place the transducer
at the apex, and rotate until the maximal RV chamber dimension is obtained. Often, the transducer must be positioned more laterally
and tilted upward toward the RV, while ensuring that the RV apex is not foreshortened and that the left ventricular outflow tract or
coronary sinus are not in plane. The RV chamber and free wall should be visualized throughout the cardiac cycle. To obtain the
RA-focused view, start with the RV-focused apical 4Ch view. Then, tilt the probe superiorly (upward) and medially (toward the
sternum) to maximize visualization of the entire RA chamber. The depth, focus, and gain settings can be adjusted to enhance
endocardial border definition and optimize image quality. 4Ch, four-chamber; LA, left atrium; LV, left ventricle; RA, right atrium;

RV, right ventricle.
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The RA function can also be measured by passive, active, and total
emptying volumes and emptying fractions using 3DE methods.
Recent data from the WASE study reveal significant differences in
3DE-derived RAV and functional parameters parameters stratified
by sex, age, and race/ethnicity. sex, age, and race/ethnicity.*”
Although increased RAV measures and decreased emptying fractions
may detect RA remodeling and dysfunction in PH,** this methodol-
ogy has not been widely adopted in clinical practice.

Key Points

e RA strain is quantified from an RA-focused apical four-
chamber view, optimized to visualize the entire RA chamber.
Measurements can be made during image acquisition or post-
processing using dedicated STE software.

e The three main phases of RA strain are the reservoir phase,
conduit phase, and booster phase, each of which reflects the
dynamic RA-RV relationship.

e Although largely a research tool, 3DE-derived total, passive,
and emptying volumes and emptying fractions can also be
used to assess RA phasic function.

Recommendations

1. Both STE- and 3DE-derived measures of RA phasic function
have not yet been widely incorporated into clinical practice.
However, these methods are important areas of active investi-
gation and may have prognostic implications in PH and at-risk
populations.

2. Although STE-derived RA strain is a promising tool for the
assessment of dynamic RA phasic function, variability in
normative values has limited its widespread clinical use.

Tricuspid Annular Plane Systolic Excursion

Tricuspid annular plane systolic excursion (TAPSE) measures RVFW
longitudinal motion during the systolic phase of the cardiac cycle,
as a surrogate of global RV systolic function. From the RV-focused
view, the M-mode cursor is placed along the lateral TV annulus and
aligned along the RVFW from base to apex, such that the cursor is par-
allel to annular motion. Focusing on the TVA using the zoom feature
and increasing the sweep speed can improve TAPSE accuracy. The
normal value for M-mode-derived TAPSE is >1.70 cm.

TAPSE primarily reflects tricuspid annular motion as a metric of RV
longitudinal systolic function and should not be used in isolation
without considering RV size and function, supportive findings, and
the clinical context. Several common scenarios can lead to the under-
estimation of RV function by TAPSE, including suboptimal image
quality, misalignment of the M-mode cursor with tricuspid annular
motion, constrictive pericarditis, interference from indwelling pace-
makers or catheters, and the postoperative state following cardiotho-
racic surgery.*> TAPSE may overestimate RV function in the context
of altered hemodynamics, right heart maladaptation,*® and distortion
of the tricuspid annulus with severe functional TR (FTR). In these
cases, an abnormal TAPSE should be reported only if supported by
adjunctive findings such as abnormal 3DE RV ejection fraction
(RVEPF) or fractional area change (FAC).

TAPSE can be combined with pulmonary artery systolic pressure
(PASP), a marker of afterload, to assess RV contractile response to
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load, known as RV-PA coupling.*” Validated against multibeat gold-
standard pressure-volume assessment, the TAPSE/PASP ratio has
demonstrated prognostic significance in a number of populations,
including prediction of clinical outcomes in both pre- and postcapil-
lary PH,**°° heart failure,”' and in patients with COVID-19,°%>3
and predicts clinical outcomes in the transcatheter treatment of
valvular heart disease.’*° In studies examining healthy individuals,
the TAPSE/PASP ratio generally falls within the range of 0.5-0.7
mm/mmHg, with variations depending on factors such as age, sex,
and specific methodologies used in each study.’”>°%'% However,
in PH, a TAPSE/PASP ratio in the range of 0.3-0.4 mm/mm Hg is
associated with RV-PA uncoupling as validated by pressure-volume
loops and is linked to an increased mortality risk.***%>°

Although less preferable to M-mode methodology, TAPSE can also
be obtained using both STE and tissue Doppler imaging (TDI), known
as tissue motion annular displacement (TMAD), and refers to the
maximal systolic displacement of the lateral tricuspid annulus
(Table 3). TMADp; has lower specificity and a greater number of
false positives compared with TMADstg. Although TMADs1g over-
comes some angle dependency, the lower frame rate may underesti-
mate RV function when compared with M-mode-derived TAPSE.>®
These alternative techniques to derive TMAD are most valuable in sit-
uations in which M-mode is not feasible, such as during TEE.

Key Points

e TAPSE measurements should be reported on the basis of the
quality of the measurement and in consideration of other pa-
rameters and clinical context. The normal TAPSE value is
>1.70 cm.

e TAPSE accuracy varies in different scenarios and should be re-
ported as normal or abnormal on the basis of compatible sup-
porting findings.

o TAPSE/PASP ratio is a noninvasive physiologic index of RV-PA
coupling that reflects RV contractile response to pulmonary after-
load. ATAPSE/PASP ratio ranging between 0.3-0.4 mm /mm Hg
is associated with RV-PA uncoupling and increased mortality
risk.

Recommendations

1. TAPSE is obtained from the RV-focused view by placing the M-
mode cursor along the lateral TV annulus and is a core compo-
nent of the standard echocardiographic assessment of RV sys-
tolic function.

2. TAPSE values should be reported in the context of overall RV
functional assessment.

TDI S’ Velocity

TDI systolic (S') velocity measures how fast the basal RVFW segment
moves during peak systole, as a surrogate of RV longitudinal systolic
function. TDI S’ velocity is obtained from the RV-focused view and
placing the pulsed wave (PW) Doppler cursor along the lateral TVA
and optimizing the sample volume set. The baseline should be opti-
mized to allow for clear visualization and quantification of the peak
systolic velocity above the baseline, and the early (¢) and late (a") dia-
stolic velocities below the baseline. ATDI systolic velocity >9.5 cm/s
is normal.
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Variable

Image acquisition

Illustration

Right atrial
strain, %

Right atrial
emptying
volumes and
function, %

Tissue Doppler
S’ velocity,
cm/s

RA strain is measured from an RA-focused apical
view, tracing from the lateral aspect of the
tricuspid annulus to the septal aspect. The
measurement excludes the area between the
leaflets and the annulus, following the RA
endocardium while avoiding the IVC, superior
vena cava, and RA appendage. Care should be

taken to prevent foreshortening of the RA, as this

can lead to an overestimation of strain values.
The RA curve provides measurements of
reservoir strain (systemic venous return during
ventricular systole), conduit strain (facilitating
ventricular blood flow in early diastole), and
booster strain (atrial contraction).

RA function can be measured by passive, active,
and total emptying volumes.

Passive emptying function is influenced by
atrial relaxation, chamber compliance, and
stiffness

Passive emptying function = (end-systolic RA
volume) — (pre-A RA volume)/(end-systolic RA
volume)

Active emptying function is affected by atrial
contractility, and = (pre-A RA volume) - (end-
diastolic RA volume)/(pre-A RA volume).

Total emptying function = (end-systolic RA
volume) — (end-diastolic RA volume) / (end-
systolic RA volume).

A TDI sample volume of 4 mm is placed at the base
of RVFW along the lateral tricuspid annulus from

the RV-focused 4Ch view. As this measurement
is angle dependent, a maximum angle between
the axis of contraction and ultrasound beam

should be <20 degrees. TDI S’ velocity is defined

as the peak systolic velocity of the signal above
the baseline (red dot).

Right atrial
strain (%)
50

1 Cardiac cycle

RA Reservoir: 35.3%
... RAConduit: -19.5%
“~ RABooster: -15.8%

—_—

Reservoir Booster

Conduit

End of ventricular End of ventricular Pre-atrial
diastole RA volume systole RA volume contraction

Maximum

(Continued)
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Variable

Image acquisition

Illustration

TAPSE and
TMAD, cm

FAC, %

3D RVEF, %

TAPSE measures maximum apical excursion of the
basal RVFW segment in systole by M-mode.

To obtain, ensure that the M-mode cursor
intersects the lateral tricuspid annulus and RV
apex throughout the cardiac cycle, and maintains
parallel alignment with annular motion from the
RV-focused apical 4Ch view

Color Doppler can also be used to enhance
TAPSE quality and measurement accuracy.

TAPSE can also be obtained using STE and TDI
imaging techniques. Tissue motion annular
displacement (TMAD) refers to the maximal
systolic displacement of the lateral tricuspid
annulus.

TMADp; measures the peak velocity (S’) of the
tissue motion at the tricuspid annulus compared
to baseline using TDI. TMADsgte tracks the peak
annular displacement.

FAC measures RV chamber area percentage
change between end-diastole (A) and end-
systole (B) by tracing the RV endocardium from
the lateral tricuspid annulus, along the RVFW to
the apex, and then along the IVS to the medial
tricuspid annulus, along the from the RV-focused
apical 4Ch view. The papillary muscles,
trabeculations, and moderator band are all
included in the cavity area.

3DE RVEF, derived from RVEDV and RVESV using
specialized software, offers a geometrically
unbiased assessment of RV systolic function.
Accurate measurement requires manual
delineation of end-diastolic and end-systolic
frames, including the moderator band and
trabeculations, to account for RV volumes. 3DE
measurements are dependent on adequate 2DE
visualization of the entire RV chamber from the
RV-focused apical 4Ch throughout the cardiac
cycle. Breath hold should be used to avoid
stitching artifact.

M-mode derived TAPSE Color enhanced M-mode derived TAPSE

-\
=
Structurally normal right ventricle

(Continued)
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Variable

Image acquisition

Illustration

RVOT VTI, cm

RVOT AccT,
msec

dP/dt, mm Hg/s

RVOT VTI can be used to assess RV SV and CO.
SV=[(r®) x VTlgvor]

CO= [(SV x HR)/1,000]

To obtain, a PW Doppler signal is placed within

the RVOT, just proximal to the PV. In normal
subjects (A), the contour of the PW Doppler profile
is a smooth, domelike signal with a peak velocity
occurring in mid-systole, consistent with the high
compliance and low resistance of the pulmonary
vascular bed. With progressive afterload
elevation, the shape of the PW Doppler velocity
profile changes and becomes more triangular.
First, the RVOT AccT will become shorter with the
peak velocity occurring in early to mid-systole (B).
There may also be mid-systolic notching (C) of the
PW Doppler signal (W sign) that is associated with
elevated pulmonary vascular impedance and
diminished compliance. In advanced PH and RV
failure, the PW Doppler signal will become
diminished and reversed with a steep and rapid
AccT suggesting rapid equilibration of RVOT and
proximal PA pressures (D).

RVOT AccT is acquired from a PW cursor placed

just proximal to the PV at end-expiration, starting
from flow onset to peak pulmonary flow velocity
from the PSAX PA bifurcation view. RVOT AccT
represents the duration from flow initiation to
peak velocity and shortens in PH due to
increased vascular impedance.

RV dP/dt represents the instantaneous rate of

pressure rise over time and serves as a surrogate
for global RV contractility. It is estimated using
the ascending limb of the CW Doppler signal (red
line) of the TR envelope at a sweep speed of 200
mm/s and measuring the time interval required
for the TR velocity to increase from 1 to 2 m/s.

V1=1.0 m/s
V2=2.0 m/s
RV dP/dt = 675 mm Hg/s

0

(Continued)
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Variable

Image acquisition

Illustration

RV MPI (Tei
Index)*

6-Segment
RVGLS and 3-
Segment
RVFWS, %

RV MPI (Tei Index) is an index of global RV
performance that can be measured using either

The PW Doppler method across the RVOT or the
TDI method. A higher RV MPI value typically
indicates impaired RV function, while a lower
value suggests better function.

RV MPI = (TCO-ET)/ET

PW Doppler Method

The PW cursor is placed across the RVOT from
the PSAX PA bifurcation view. Ejection time (ET)
is defined as the time from the onset to the
cessation of flow. Tricuspid valve closure onset
(TCO) is derived from PW Doppler by measuring
the time interval between the end of the
transtricuspid A wave and the beginning of the E
wave. TCO can also be derived from CW Doppler
by measuring the duration of the TR jet, although
this method is less commonly used for assessing
total cardiac timing intervals. Since these
measurements are obtained from different
imaging planes and cardiac cycles, it is important
to acquire data from beats with similar R-R
intervals to improve accuracy.

TDI Method

From the RV-focused apical 4Ch view, the TDI
cursor is placed along the lateral tricuspid
annulus. Each time interval is measured from a
single beat. ET is defined as the time interval
between the onset and cessation of the S’
velocity. TCO is derived by measuring the time
interval between the end of the TDI a’ velocity to
the onset of the e’ velocity.

RVLSS can be measured by both color-coded TDI
imaging and STE techniques. STE is less angle
dependent compared with TDI and has better
reproducibility.

STE measures the global and regional strain
from the RV-focused apical 4Ch view, ensuring
adequate visualization of the entire RV chamber
throughout the cardiac cycle. The optimal
temporal resolution is in the range of 50 to 90 fps.

By convention, RVGLS refers to the average
strain derived from the six segments of the
interventricular septum and the RVFW. 3-
segment RVFWS refers to strain derived from the
basal, midventricular, and apical RVFW
segments alone. RVFWS is typically considered a
more accurate measure of RV function, as it
isolates RV contractility from the influence of LV
contractility.

Structurally normal
right ventricle

RVFWS -22.8%
RVGLS -20.9%

Structurally abnormal
right ventricle

RVFWS -13.0%
RVGLS -10.1%

3D, three-dimensional; 4Ch, four-chamber; AccT, acceleration time; CO, cardiac output; CW, continuous wave; EDV, end-diastolic volume; ESV,
end-systolic volume; ET, ejection time; FAC, fractional area change; HR, heart rate; IVC, inferior vena cava; IVCT, isovolumetric contraction time;
IVRT, isovolumetric relaxation time; MPI, myocardial performance index; PA, pulmonary artery; PSAX, parasternal short-axis; PW, pulse-wave;
RA, right atrium; RV, right ventricle; RVEF, right ventricular ejection fraction; RVFW, right ventricular free wall; RVFWS, right ventricular free wall
strain; RVGLS, right ventricular global longitudinal strain; RVLSS, right ventricular longitudinal systolic strain; RVOT, right ventricular outflow tract;
STE, speckle-tracking echocardiography; SV, stroke volume; TAPSE, tricuspid annular plane systolic excursion; TCO, tricuspid closure-opening;
TDI, tissue Doppler imaging; TMAD, tissue motion annular displacement; TR, tricuspid regurgitation; VTI, velocity time integral.

*RV MPI is a dimensionless index
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TDI §' velocity may be underestimated with poor image quality,
inadequate optimization of the Doppler gain or filter settings, misalign-
ment of the Doppler beam with the plane of motion, or with subopti-
mal patient positioning. TDI S’ velocity may also underestimate RV
function in the immediate postoperative period following pericardiec-
tomy** and overestimate RV function if there is significant leftward
tethering of the RV apex. Similar to TAPSE, TDI S’ velocity only assesses
the basal lateral RVFW segment as a surrogate of global RV systolic
function and should not be used in isolation but rather in conjunction
with other supportive findings. TDI S’ velocity can also be used as an
alternative numerator within echocardiographic RV-PA coupling ra-
tios,”? although it has not been shown to outperform TAPSE.

Key Points

e TDI S velocity is a marker of how fast the basal RVFW
segment is moving during peak systole as a surrogate of RV
systolic function. The normal value of TDI S’ velocity is
>9.5 cm/s.

e The accuracy of TDI S values relies on adequate alignment of
the Doppler beam along the plane of motion, image quality,
and optimization of Doppler gain and filter settings. Values
should be reported as normal or abnormal on the basis of
compatible supporting findings.

Recommendation

1. TDI §' velocity is obtained by placing the PW Doppler cursor
along the basal RVFW and should be included in the standard
echocardiographic assessment of RV systolic function.

Fractional Area Change

FAC is an echocardiographic measure of RV systolic function that cor-
relates well with CMR-derived RVEE.® From an RV-focused apical
four-chamber view, the RV endocardium is traced in end-systole
and end-diastole from the lateral tricuspid annulus along the RVFW
to the apex, then back along the IVS to the medial tricuspid annulus,
including trabeculations and the moderator band.

RV FAC (%) = [(RVEDA — RVESA) /RVEDA] x 100.

The normal value of FAC is >35%. To enhance the accuracy of
FAC measurements, the RV-focused apical four-chamber view
should be optimized to maximize RV area and ensure consistent
visualization of the endocardial borders throughout the cardiac cy-
cle. If RV visualization is suboptimal despite image optimization, ul-
trasound enhancing agents (UEA) may be beneficial for endocardial
border delineation. When administering UEA for LV opacification, it
is recommended to include RV imaging as part of the standard pro-
tocol. It is also important that serial FAC assessments are performed
in the same manner to improve accuracy.

However, there are several important considerations when using
FAC as a metric of RV systolic function. First, the RVOT is not
routinely visualized from the RV-focused view, and therefore the
contribution of the outflow tract is not considered in FAC-based
quantification of RV systolic function. The exclusion of the RVOT
in FAC quantification may be of particular relevance in patients
with adult congenital heart disease (ACHD), such as those with te-
tralogy of Fallot. In these cases, alternative quantitative metrics of
RV function may have improved reliability.®' Despite this limitation,
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it is important to note that FAC, unlike TAPSE and TDI S’ velocity,
reflects both RVFW longitudinal shortening and radial thickening.
Additionally, FAC includes the contribution of the IVS in RV sys-
tolic assessment. FAC is especially useful in assessing RV systolic
function when TDI S’ velocity and/or TAPSE are underestimated
in the immediate postoperative period*> or influenced by loading
conditions and geometric remodeling, as previously described.*%
Within echocardiographic coupling ratios, FAC/PASP ratio may
have improved prognostic value reflecting age- and sex-related geo-
metric and functional adaptation to a given afterload.”®>’

Key Points

e FAC is a marker of global RV systolic function that correlates
well with RVEF by CMR. The normal value of FAC is >35%.

e FAC does not include the contribution of the RVOT to RV sys-
tolic function. However, it does reflect RVFW longitudinal short-
ening, radial thickening, and interventricular septal contractility.

e FAC is valuable for assessing RV function when other func-
tional measures, such as TAPSE and TDI S’ velocity, are unreli-
able or can be used as supporting evidence.

e UEA can be used to enhance RV endocardial border definition
for FAC quantification.

Recommendation

1. FAC is obtained from the RV-focused apical four-chamber
view by tracing the endocardial border at end-systole and
end-diastole, including trabeculations and the moderator band.

2. FAC is a standard component of a comprehensive 2DE
examination and may provide important adjunctive
information regarding RV systolic function.

RVOT Velocity-Time Integral and Acceleration Time

PW Doppler interrogation of the RVOT is a readily obtainable mea-
surement that can calculate RV stroke work and stroke volume
(SV) using the distal RVOT diameter (centimeters) and the RVOT
velocity-time integral (VTI; centimeters) obtained by PW Doppler
across the RVOT.

RV SV =[x x (RVOT diameter/2)*] x RVOT VTL

The RVOT VTl is obtained from the PSAX view at the level of the
aortic valve with the probe tilted superiorly to optimize RVOT and
proximal PA visualization. The PW Doppler cursor is placed within
RVOT, just beneath the PV using a of 1 to 2 mm sample volume.
The signal should be optimized by adjusting the wall filters, baseline,
and scale to ensure adequate visualization of the entire systolic
tracing. Similar to other Doppler-derived techniques, RVOT VTI is
angle dependent and may be underestimated if the cursor is not par-
allel to flow. A RVOT VTI >18 c¢m is normal.

Using the RVOT VTl spectral Doppler signal, the RVOT accelera-
tion time (AccT) is measured from the onset of flow to the point of
peak pulmonary flow velocity. RVOT acceleration time (RVOT
AccT) >105 ms is generally considered normal, based on epidemio-
logic studies in healthy populations.®®> However, RVOT AccT may be
less reliable in patients with low or high heart rates (<60 and
>100 beats/min) and should not be used in isolation as a measure
of RV function.



158 Mukherjee, M et al

The contour of the RVOT VTI profile may also provide insights
into advancing PVD and elevated afterload, as shown in Table 3.
In normal subjects, the RVOT VTI profile will be parabolic, peaking
in mid-systole, indicating a highly compliant pulmonary vascular bed
with low resistance. As pulmonary vascular resistance (PVR) pro-
gressively increases, the normal parabolic contour with a midsystolic
peak becomes more triangular, with a shortened time to peak in
early systole.°* Increasing impedance to pulmonary flow can lead
to notching in the mid-systolic phase of the RVOT velocity profile,
known as the “W sign.” In advanced stages of PH, the RVOT VTI
signal contour becomes spiked, reflecting early RV systolic ejection
and rapid equilibration of RV-PA pressures due to decreased PA
compliance, and is accompanied by a reduced spectral signal enve-
lope.

The RVOT VTI can also be used as an alternative numerator
within echocardiographic RV-PA coupling ratios. Across the spec-
trum of PH, the RVOT VTI/PASP ratio correlates with invasive
measures of PA compliance, can discriminate pre-capillary from
post-capillary PH related to heart failure with preserved ejection
fraction, and is associated with functional capacity.®® More data
are needed, however, to establish the utility of the RVOT VTI/
PASP ratio in clinical practice.

Key Points

e The RVOT VTlis a PW Doppler—derived measure of RV stroke
volume. A RVOT VTI > 18 cm is normal.

e The contour of the RVOT VTI Doppler profile changes from
parabolic to triangular with advancing PVD and elevated PVR.

e From the PW signal, RVOT AccT can also be obtained from the
onset to the point of peak pulmonary flow velocity. RVOT
AccT > 105 ms is considered normal.

Recommendation

1. The RVOT VTl s obtained by placing 1- to 2-mm PW Doppler
sample volume within the distal RVOT just beneath the PV
from the PA bifurcation PSAX view and should be part of
the standard echocardiographic assessment.

Right Ventricular dP/dt

The ratio of the instantaneous rate of pressure rise over time (dP/dt) is
a validated index of RV contractility and global systolic function.! RV
dP/dt can be estimated from the ascending limb of the continuous-
wave (CW) Doppler signal of TR at a sweep speed of 200 mm/s
and measuring the time interval required for the TR signal to increase
in velocity from 1 to 2 m/s. Based on the modified Bernoulli equation,
this represents a 12 mm Hg increase in pressure, from 4 to 16 mm Hg.
When this value is divided by the interval during which pressure
increased, the result is expressed in mm Hg/s. A RV dP/dt < 400
mm Hg/s is abnormal.' In precapillary PH, a decreased RV dP/dt is
a strong predictor of mortality, independent of TAPSE.®°

Despite a relatively simple acquisition, measurement, and
calculation, RV dP/dt is load dependent and may be less accu-
rate in patients with severe TR. There is also a paucity of data
derived from normal subjects, which limits widespread clinical
applicability.
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Key Points

e RV dP/dt is the instantaneous rate of pressure rise over time
and serves as a surrogate for global RV contractility. RV dP/dt
< 400 mm Hg/s is abnormal.

e RV dP/dt is measured from the CW Doppler signal of TR and is
the time interval during which TR velocity increases from 1 to
2 m/s.

Recommendation

1. RV dP/dt measurements can be considered in patients with RV
dysfunction as adjunctive evidence to support other readily ob-
tained echocardiographic measures. However, due to a lack of
normative data, RV dP/dt is not recommended for routine
practice.

Right Ventricular Myocardial Performance Index

The RV myocardial performance index (MPD), also known as the Tei
index,°® is an established parameter of global systolic and diastolic RV
function, representing the relationship between the ejection and non-
ejection phases. Following RV diastolic filling, isovolumic contraction
begins. Isovolumetric contraction time (IVCT; milliseconds) reflects
the interval between TV closure and PV opening. The next interval
is RV ejection, corresponding to ventricular systole. RV ejection time
(ET; milliseconds) measures the interval during which blood is ejected
across the PV. The next interval reflects the time between PV closure
and TV opening, termed the isovolumetric relaxation time (IVRT; mil-
liseconds). RV MPI can be calculated using two formulas:

RV MPI = [(IVRT + IVCT) /ET]
or
RV MPI = [(TCO — ET) /ET],

where TCO is the tricuspid closure-open interval, comprising
IVCT, ET, and IVRT. RV MPI is acquired through either PW
Doppler or TDI methods and is dimensionless.

Using the PW Doppler approach, ET is assessed by placing the
cursor across the RVOT and measuring the time from the onset to
the cessation of flow. TCO is determined using either PW Doppler
of the tricuspid inflow (time from the end of the transtricuspid A
wave to the beginning of the E wave) or CW Doppler of the TR jet
(time from the onset to the cessation of the jet). As the RVOT and
tricuspid inflow measurements are derived from different images,
beats with similar R-R intervals should be used to enhance accuracy.
In the TDI method, each time interval is measured from a single beat
by pulsing the lateral tricuspid annulus. However, these two methods
result in different reference values due to inherent differences in
acquisition and time interval calculation, leading to only moderate in-
ter-method correlation.! A normal RV MPI is <0.40 by the PW
Doppler method and <0.55 by the TDI method.

Key advantages of RV MPI include its practicality, as it does not
rely on geometric assumptions or constraints related to right heart
chamber remodeling, and its prognostic value in PH, correlating
with changes in clinical status.! However, RV MPI is a dynamic mea-
surement that reflects both myocardial function and loading condi-
tions, rather than being purely indicative of intrinsic myocardial
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performance. For example, increased preload and right heart conges-
tion, such as fluid overload, can prolong IVCT and IVRT, leading to an
increased RV MPI. Conversely, reduced preload can shorten these in-
tervals. PH and increased afterload can also prolong IVCT and IVRT,
resulting in a higher RV MPI, regardless of RV systolic function.
Severe TR may decrease [VRT without affecting [VCT. Last, varying
R-R intervals, such as in patients with atrial fibrillation (AF), can
lead to variable ET and TCO measurements. The sensitivity of RV
MPI to loading conditions, arrhythmia, and modest intermethod cor-
relation have limited widespread clinical use.

Key Points

e RV MPI is a technically feasible, practical, and clinically useful
technique for quantifying global RV function using either PW
Doppler or TDI methods.

e Normal RV MPlis <0.40 ms (PW Doppler method) and <0.55
ms (TDI method) with moderate intermethod correlation.

e RV MPIlis a dynamic, load-dependent measurement that varies
with loading conditions and is also influenced by arrhythmias
and R-R interval variability.

Recommendation

1. Although RV MPI is a practical tool with prognostic value in
PH, it is not recommended as the sole quantitative method
for evaluating RV function, because of load dependency.

Right Ventricular Longitudinal Systolic Strain

STE is an adjunctive echocardiographic tool that uses a software-
based algorithm to derive regional and global function from the defor-
mation of ultrasound—myocardial tissue interactions.®” STE can be
performed during image acquisition on the ultrasound machine or
in postprocessing using vendor-dependent or vendor-independent
dedicated strain software.

RV strain analysis is performed from the RV-focused apical four-
chamber view, ensuring that the lateral RVFW is visualized
throughout the cardiac cycle, most commonly gated with the R-R in-
terval to identify the onset of systole. Peak systolic strain occurs at
aortic valve closure. Reference points and the region of interest are
placed along the lateral and medial tricuspid annulus, and the RV
endocardial border is traced, including trabeculations and papillary
muscles. These regions of interest can be either contoured manually
or generated semiautomatically and manually adjusted as needed.
Dedicated RV STE software should be used when possible, rather
than using a LV strain analysis package with modification.

Nomenclature is important when reporting strain. RV global longi-
tudinal strain (RVGLS) refers to the average strain of six segments,
including the basal, midventricular, and apical segments of the
RVFW and IVS. In contrast, RV free wall strain (RVFWYS) refers to
the average strain of the three segments of the basal, midventricular,
and apical RVFW alone. Each segment is represented by a corre-
sponding color-coded strain curve, with the average of these seg-
ments typically signified by a dotted strain curve. Peak longitudinal
systolic strain is defined as the maximum systolic shortening, typically
occurring at aortic valve closure. However, conduction delays and
regional RV dysfunction can cause this peak to occur later, resulting
in variability in the timing of peak strain. The rate of systolic shortening
is defined as the systolic strain rate. Including the IVS in 6-segment
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RVGLS measurements can lower absolute strain values compared
to 3-segment RVFWS and does not differentiate the contribution of
LV contractility to RV systolic function. On the basis of pooled data,
strain values more negative than —20% to —25% for both RVFWS
and RVGLS are generally considered as normal.®®

However, there are several key factors that must be considered
when using STE. First, STE is dependent on adequate endocardial visu-
alization from an optimized RV-focused view throughout the cardiac
cycle and is subject to reverberation artifact. Complex chamber geom-
etry and operator delineation of endocardial borders may also influ-
ence the accuracy and reproducibility STE measures. For example,
the inclusion of the RA or pericardium will result in underestimation
of strain values. In addition, STE is limited by heart rate variability,
which when rapid, can decrease temporal resolution. Similar to RV
MPI, STE is a measure of myocardial function that is influenced by un-
derlying hemodynamic conditions. Increased preload may result in
higher strain measurements that are not necessarily indicative of
enhanced RV systolic function. Conversely, increased afterload may
depress strain measurements, even when intrinsic myocardial function
is preserved.®” Incorporating RVFWS as the numerator in echocardio-
graphic RV-PA coupling ratios may enhance the accuracy of strain
measures as a metric of RV function.”®”® Lastly, established differ-
ences in vendor-dependent STE software may affect reproducibility
and standardization.*"”! Serial STE measures of RV contractility
should be performed using the same vendor to allow for comparison.
A wealth of data underscores the prognostic importance of regional
and global RV strain across patient populations. We recommend inte-
grating RV strain analysis into the standard assessment of RV function,
particularly in PH and individuals at risk for PVD.

Key Points

o STE-derived RV strain is an important marker of regional and
global RV function that may be abnormal when conventional
measures are otherwise normal, suggesting subclinical RV
dysfunction. The normal values for both RVFWS and RVGLS
are more negative than —20% to —25%.

o RVGLS refers to 6-segment strain derived from the RVFW and
IVS, while RVFWS refers to 3-segment strain derived from the
basal, midventricular, and apical RVFW alone. RVFWS is a
more accurate measure of RV systolic function without the
contribution of LV contractility.

Recommendations

1. RV strain can be obtained on the ultrasound machine during or
after image acquisition or in postprocessing with dedicated
strain software.

2. From the RV-focused apical four-chamber view, the endocar-
dial border of the RV chamber is traced, starting from the
lateral tricuspid annulus, along the RVFW, and ending at the
medial tricuspid annulus. Manual contouring may enhance
delineation of regions of interest.

3. When feasible, RV strain should be performed as part of the
standard echocardiographic examination for the clinical assess-
ment, screening, and serial evaluation of patients with and at
risk for PH.
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C. HEMODYNAMICS

Table 4 summarizes recommendations for image acquisition, illustra-
tions, and formulas to calculate echocardiographic estimates of right
heart hemodynamics.

Right Atrial Pressure

Right atrial pressure is estimated by measuring the inferior vena
cava (IVQO) diameter at end-expiration, 0.5 to 3.0 cm proximal to
the RA ostium and distal to the hepatic vein from the subcostal
view, and observing IVC diameter variation with sniff and quiet
respiration.”> When observing respirophasic variation, it is impor-
tant to verify that these changes do not reflect IVC translation
into another imaging plane. M-mode measurements of the IVC al-
lows for more accurate quantification of the IVC diameter and
presence of respiratory variation given its superior temporal resolu-
tion. A normal IVC diameter is =2.1 cm, and the IVC collapses
with sniff and quiet respiration.

The combination of the [VC end-diastolic dimension and respir-
ophasic behavior provides reliable noninvasive RAP estimates. If the
IVC diameter is normal and collapses =50% with sniff and quiet
respiration, the RAP is normal (3 mm Hg; range, 0-5 mm Hg). If
the IVC appears small and collapsed, the RAP is likely low
(<3 mm Hg), suggestive of hypovolemia. An enlarged IVC diameter
that does not collapse <50% with a sniff suggests an elevated RAP
(15 mm Hg; range, 10-20 mm Hg). In cases in which the [VC is mark-
edly enlarged (2.5 cm) without respirophasic variation and
evidence of spontaneous echo contrast or color flow reflux, a value
of 20 mm Hg can be considered. In indeterminate cases, an interme-
diate value of 8 mm Hg (range, 5-10 mm Hg) may be used and
integrated with secondary indices of elevated RAP. Indeterminate
estimation of RAP is defined by two main scenarios in which either
IVC diameter is normal and does not collapse or the [VC diameter is
dilated and does collapse. A detailed algorithm for quantifying RAP
is detailed in Figure 3.

Hepatic vein (HV) flow patterns provide complementary insights
into RAP estimation. In cases of low or normal RAP, there is systolic
predominance in the HV flow, such that the HV systolic wave velocity
(HVs) is greater than the HV diastolic wave velocity (HVd). The HVs
filling fraction equals HVs/(HVs + HVd), and a value <55% is a sen-
sitive and specific sign of elevated RAP.”> With elevated RAP, HVs
predominance is lost, such that the HVs/HVd ratio is <I.
Importantly, the HV vein flow velocities have been validated in me-
chanically ventilated patients, provided that the velocities are aver-
aged over at least five consecutive beats and comprising at least
one respiratory cycle.

In indeterminate cases, secondary indices to consider include RA
enlargement, bulging of the interatrial septum into the left atrium
throughout the cardiac cycle, the presence of a restrictive right-
sided diastolic filling pattern, tricuspid E/¢’ ratio > 6, and HVd flow
predominance quantified as a HV:s filling fraction < 55%. In indeter-
minate cases, if none of these secondary indices are present, RAP can
be downgraded to 3 mm Hg. If secondary indices are present, RAP
can be upgraded to 15 mm Hg. If uncertainty remains, an intermedi-
ate value of 8 mm Hg should be used.
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As the estimation of RAP relies on both [VC diameter and respiro-
phasic variation, there may be circumstances in which an adequate sniff
cannot be performed, and quiet respiration can be used. In patients on
positive pressure ventilation, the degree of [VC collapse cannot be used
to reliably estimate RAP, and if clinically relevant, RAP should be
measured invasively, if feasible. Secondary indices can also be evalu-
ated to determine if RAP is normal or elevated. However, if uncertain
remains, an if uncertainty remains, an intermediate value of 8 mm Hg
should be used. Generally, an IVC diameter <2.1 cm in an intubated
patient is accurate in identifying patients with RAP < 10 mm Hg.”*

IVC dilation can be normal in healthy young healthy adults and
athletes. Caval enlargement is also common in pregnant women
due to increased total blood volume. In these scenarios, evaluating
for adjunctive evidence of elevated filling pressures and clinical corre-
lation are necessary.

Key Points

e Specific RAP values, rather than ranges, should be reported to
ensure standardization.

e RAP values of 3, 8, or 15 mm Hg are assigned using an [VC
diameter cutoff of 2.1 cm and observing respirophasic vari-
ability with sniff.

e In indeterminate cases, an intermediate value of 8 mm Hg can
be used, and secondary indices should be assessed.

e In patients who are unable to adequately perform a sniff, [VC
diameter variability can be observed with quiet respiration.

e Special caveats include patients who cannot adequately
perform a sniff, young healthy adults, athletes, pregnant
women, and patients on positive pressure ventilation.

Recommendations

1. RAP is easily quantifiable and acquired by measuring the [IVC
diameter at end-expiration from the subcostal view, 0.5 to
3.0 cm proximal to the RA ostium.

2. RAP is estimated by visualizing the variation in [VC diameter
with sniff and with quiet respiration using 2DE and M-mode
imaging techniques.

3. RAP is an integral component of standardized reporting and
should be acquired in all cases when possible and reported as
a discrete number.

Right Ventricular Systolic Pressure

The RV systolic pressure (RVSP) is estimated from the peak TR jet
velocity, using the simplified Bernoulli equation, and adding this value
to the RAP estimate:

RVSP = [4 x (peak TR velocity)® + RAP.

In this equation, the peak TR velocity is obtained from the CW
Doppler signal (expressed in meters per second), and RAP is esti-
mated from [VC diameter and the degree of respirophasic variation.



Table 4 Right heart hemodynamic assessment

Image acquisition

lllustration

Formulas

RVSP, mm Hg

RAP is assessed by measuring IVC size
and the collapsibility during normal
breathing. IVC diameter is measured at
end-expiration, approximately 0.5-3.0
cm proximal to the RA ostium, from the
subcostal view. Collapsibility is
determined by the change in IVC
diameter during sniffing and quiet
respiration.

RVSP is calculated from the peak TR jet
velocity, using the simplified Bernoulli
equation, and adding this value to the
RAP estimate. RVSP is equivalent to
PASP in the absence of RVOT
obstruction, PS, and/or proximal PA
stenosis. To avoid overestimation of
the spectral envelope, ensure that the
peak systolic measurement is from the
dense aspect of the spectral Doppler
envelope. The optimal CW Doppler
signal of the TR jet is characterized by
a dense envelope, indicating a
complete Doppler profile. To ensure
accuracy and account for
respirophasic variation, RVSP should
be calculated by averaging at least
three consecutive beats from the
window with the highest velocities and
the clearest Doppler envelope.
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Abnormal IVC diameter with abnormal respirophasic variation and dilated hepatic veins

with holosystolic flow reversal
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3 mm Hg (range 0-5 mm Hg), IVC diameter
=21 mm and = 50% inspiratory collapse

8 mm Hg (range 5-10 mm Hg), IVC
diameter = 21 mm and < 50% collapse
or an IVC diameter >21 mm and = 50%
collapse

15 mm Hg (range 10-20 mm Hg), IVC
diameter > 21 mm and < 50% collapse

20 mm Hg, IVC diameter > 25 mm and < 50%
collapse with dilated hepatic veins and
adjunctive evidence of spontaneous echo
contrast or color flow reflux within the
vessel is suggestive of markedly elevated
RAP, severe TR, or impaired venous return
due to conditions such as right heart failure,
RV diastolic dysfunction, or constrictive
physiology.

RVSP = [4 x (peak TR velocity)® + RAP]
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PAEDP, mm Hg PAEDP is estimated by using the end-
diastolic PR velocity, using the
modified Bernoulli equation and
adding this value to the RAP estimate.
The optimal CW Doppler signal of the ” ) S _
PR jet is characterized by a dense % PR enid-diastolic
envelope, indicating a complete velocity
Doppler profile.

PAEDP = [4*(peak end-diastolic PR
velocity)?] + RAP

1630 W ‘92Lewpiny 9]

mPAP, mm Hg mPAP can be estimated using several : mPAP = [1/3 x (PASP) + 2/3*(PAEDP)]

equations. ; . - iy 5512

The most common is mPAP= [1/3 x % - : Iz 10 mMPAP = 79 - (0.45 x AccT)
(PASP) + 2/3 x (PAEDP)] 5 : 7418

Alternative formulas utilize either the L&\ . / i “:::Vn";:i‘lmhcmmy mPAP = 90 - (0.62 x AccT) when AccT <

RVOT AccT (msec) or peak PR velocity 5 : 120 ms
(m/s) to calculate mPAP. 3 :

The VTI method involves tracing the L & § & mPAP = 4 x (early PR velocity)? + RAP
envelope of the CW Doppler signal to - TRV max = 4.94 m/s
obtain the area under the curve r::f gﬁﬁfnﬂ::— 9573::nT:; p MPAP = VTlxr) + RAP

representing the regurgitant jet flow (v)
which is then used in the modified
Bernoulli equation (4v?) + RAP

By invasive RHC, mPAP>20 mm Hg is
considered abnormal.

‘nlu Wl -~ J‘ mPAP = [PASP x 0.61] + 2 mm Hg
oV il e '

VR BLERTE Ll I
W W

PVR, Wood Calculated by VTlgyor and the peak TR PVR = [(Peak TR velocity/ VTlgyot) x 10] +
Units velocity, or by mPAP and PCWP. v ‘u,“ 0.16
h !y { M W

I 1‘?“‘,*" L R T ' PVR = (RVSP - PCWP)/CO
!

RVSP = [4 x (peak TR velocity)® + RAP]

PCWP = [1.24 x (mitral E/e’ ratio) + 1.9]

CO= [(ar?) x VTlrvot] X HR
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PCWP, mm Hg There are two main methods to calculate
PCWP:

Mitral Inflow Method

Mitral valve inflow velocity is defined by
the peak E velocity measured by PW
Doppler at the leaflet tips of the mitral
valve during diastole. Early diastolic e’
velocities are obtained using TDI at the
medial and lateral aspects of the mitral
annulus, with the mean value taken
from the lateral and medial aspects. If
significant artifact or measurement : . T A
error occurs, the best TDI value (lateral Mitral inflow method
or medial) should be used. The ratio of
mitral inflow E velocity to e’ is then
used in the following formula:

PCWP=[1.24 x (mitral E/e’) + 1.9]

PCWP=[1.24 x (mitral E/€’) + 1.9]

Stroke Volume Method

SV is calculated as [SV=nr* x VTl yotl,
where r is the radius (half the cross-
sectional diameter) of the LVOT and
VTl is the velocity time integral of the
LVOT.

PP is calculated as [PP=4 x (peak TRV)?

— (PR end-diastolic velocity)?] . \

The ratio of SV/PP is then used in the . PR peak velocity

following formula: 3

PCWP=[SV/PP]

PCWP = [SV/PP]
SV=[7TI'2 X VT||_\/OT]

PP=[4 x (peak TRV)? — (PR end-diastolic
velocity)?]

TR Vmax
Stroke volume method

3D, three-dimensional; 4Ch, four-chamber; AccT, acceleration time; CO, cardiac output; CW, continuous wave; EDV, end-diastolic volume; ESV, end-systolic volume; ET, ejection time;
FAC, fractional area change; HR, heart rate; IVC, inferior vena cava; /VCT, isovolumetric contraction time; IVRT, isovolumetric relaxation time; LVOTd, LVOT dimension; MPI, myocardial
performance index; PA, pulmonary artery; PP, pulse pressure; PSAX, parasternal short-axis; PW, pulse-wave; RA, right atrium; RV, right ventricle; RVEF, right ventricular ejection fraction;
RVFWS, right ventricular free wall strain; RVGLS, right ventricular global longitudinal strain; RVOT, right ventricular outflow tract; STE, speckle-tracking echocardiography; SV, stroke vol-
ume; TAPSE, tricuspid annular plane systolic excursion; TCO, tricuspid closure-opening; TDI, tissue Doppler imaging; TMAD, tissue motion annular displacement; TR, tricuspid regurgitant;
Vmax, maximum velocity; VTI, velocity time integral.
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Algorithm for Determination of Right Atrial Pressure
Acquired at end. ion from the view,
0.5 to 3.0 cm proximal to the RA ostium limiting
translational motion using 2DE and M-mode imaging
2 20% variation with
quiet respiration
2 20% varlat_lon_wlth RAP 5-10 mmHg
quiet respiration —p Average 8 mmHg
RAP 0-5 mmHg ¢
. i >2.
Average 3 mmHg Normal Diameter € 2.1 cm Abnormal Diameter > 2.1 cm Positive pressure
» ” —- ventilation - look for
Positive pressure _ Unable to sniff I I Unable to sniff o secondary indices
ilation — look < -~ * ‘ =1
for _sec_ondary <20% variation with
indices quiet respiration
e RAP 10-20 mmHg
< 20% variation Average 15 mmHg
with quiet — 1 1
respiration <20% variation with
RAP 5-10 mmHg quiet respiration, dilated
Average 8 mmHg Yes NS Yes — IVC > 2.5 cm, dilated
hepatic veins with
IVC small abnormal HVs/HVd ratio
collapsed RAP 0-5 mmH No | Yes and/or stagnant flow
Hypovolumia 9 Indeterminate Cases — look for secondary indices RAP 10-20 mmHg
RXP<3 MmHg < — Average 3 mmHg === 1. Restrictive right-sided diastolic filling pattern > Average 15 mmHg and::; rﬁ,’é"’;:;:&::""’

2. Tricuspid E/e’ ratio > 6
3. Hepatic vein Doppler flow pattern, HVs/HVd ratio

RAP 20 mmHg

l Unclear secondary indices

RAP 5-10 mmHg
Average 8 mmHg

Figure 3 An algorithm for estimating RAP is shown, emphasizing key features including IVC diameter and respirophasic variation.

If RVSP is elevated, it is important to exclude obstruction at the
level of the PV, or supra- or subpulmonic obstruction, especially in pa-
tients with ACHD (such as PS, RVOT obstruction, and/or proximal
PA stenosis), or following PV surgery. In the absence of a gradient
across the PV or RVOT, PASP is equal to RVSP. In post-surgical pa-
tients with ACHD, in the absence of residual RVOT obstruction or
proximal PA stenosis, if the PASP is greater than two-thirds of the sys-
temic blood pressure, pulmonary pressures are often severely
elevated.

Technically adequate CW signals with well-defined Doppler enve-
lopes can be obtained in most patients using a sweep speed of
100 mm/s. Inadequate TR signals frequently lead to underestimation
or the inability to estimate RVSP accurately. If the Doppler signal is
faint, image quality can be enhanced using agitated saline, blood-
saline contrast, or UEA.”* However, overgaining should be avoided,
as this may lead to overestimation of TR velocities due to the ampli-
fication of noise or artifacts. To improve the accuracy of peak TR ve-
locity measurements with or without contrast, the dense primary
upper edge of the spectral envelope (“chin”) should be measured
rather than the faint aspects (“beard”) of the signal profile.

Misalignment of the CW Doppler signal that is not parallel to the
direction of flow can also lead to underestimation or overestimation
of RVSP due to angle-dependent velocity measurements errors. To
improve accuracy, the TR signal should be obtained from multiple
windows (e.g., RV inflow, apical 4-chamber, subcostal), and the high-
est velocity from these windows should be used to calculate RVSP.
When possible, an average of three consecutive velocities should be
used to reduce any beat-to-beat variability, which may reflect both
instantaneous changes in RVSP and alterations in the TR jet direction
as the heart moves during the respiratory cycle. In the setting of
arrhythmia such as AF, the TR jet velocity should be averaged over
five to 10 cardiac cycles rather than using the highest single velocity
(e.g., the beat after a premature atrial or ventricular contraction or a
pause), which will overestimate the TR velocity.

Several hemodynamic factors may also influence RVSP accu-
racy. In severe PH with right heart failure, reduced RV contractility
and decreased PA compliance impair the ability of the RV to
generate sufficient force, resulting in a diminished RV-PA pressure
gradient and unreliable RVSP measurements. Assessing RVSP in
the context of hemodynamically significant TR is also nuanced.
Inadequate TR signal strength may underestimate RVSP, while se-
vere TR with turbulent flow can result in a high velocity regurgitant
signal leading to potential overestimation of RVSP. In FTR and/or
malcoaptation of the tricuspid leaflets, the Doppler envelope can
be truncated due to early equalization of RA-RV pressures as evi-
denced by laminar TR flow and a triangular CW Doppler signal
contour,”” leading to underestimation of the RA-RV gradient.
Table 5 summarizes the main sources of error in the estimation
of PASP.

A recent study investigating simultaneous invasive and noninvasive
hemodynamics demonstrated that RV-RA gradients can be accurately
calculated by the modified Bernoulli equation in patients with a para-
bolic TR velocity curve. In patients with more severe TR with a V-
wave cutoff sign, the Bernoulli equation cannot be applied to deter-
mine the RV-RA gradient.”> Table 5 summarizes the main sources
of error in TR estimation.

A resting TR peak velocity of =2.9 m/s (RA-RV gradient of 34 mm
Hg) suggests PH in the absence of RVOT obstruction.”® To align with
the updated WSPH definition of PH,* a peak TR velocity = 2.8 m/s
(RA-RV gradient of 31 mm Hg) with at least two other echocardio-
graphic signs is suggestive of PH and warrants further investigation.
These supporting measures include RV enlargement (eg, RV basal
diameter greater than LV basal diameter), abnormal LVEI 1.1),
mid-systolic notching of the RVOT signal, end-diastolic PR
velocity > 22 m/s, or signs of elevated RAP (IVC
diameter > 2.1 cm or RA area > 18 cm?). Clinicians should also
consider the patient’s age and body size when interpreting RVSP
values near the upper limit of normal, as both healthy physiologic
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Table 5 Common sources of error for hemodynamic assessment

Source of error Underestimation Overestimation

Significant RV failure and contractile dysfunction X

TR jet signal over-gaining X
High output or hyperkinetic RV X
Atrial fibrillation and velocity after a premature contraction or pause, X

if a higher velocity is used

Pulmonic stenosis X
RAP estimation*® X X
Limitations of the simplified Bernoulli equation X X
Unfavorable Theta angle >20 degrees (angle between ultrasound X

beam and direction of blood velocity)

s e ben By b ey
TN e A e ey

Caveat and common pitfalls

1. Measure the densest primary edge of the CW Doppler signal (“chin”) and not the faint aspects (“beard”) by optimizing the gain and brightness
from multiple imaging planes. UEA, blood-saline contrast, and agitated saline can be used to augment the Doppler signal.

2. Position the ultrasound beam parallel to the direction of blood flow, ideally <20° © angle to minimize any error in velocity measurement.

3. If there is significant TR, the shape of the CW Doppler signal can help guide accuracy of RVSP estimates. A triangular CW Doppler contour
will underestimate RVSP, while accuracy is improved with a parabolic Doppler contour.

4. Do not consider a velocity following a pause or premature contraction.

5. Consider the mean velocity across 5-7 beats in patients with arrhythmia.

AF, atrial fibrillation; PS, pulmonic stenosis; PVD, pulmonary vascular disease; RAP, right atrial pressure; RV, right ventricle; RVSP, right ventricular

systolic pressure; TR, tricuspid regurgitation; UEA, ultrasound enhancing agent.

*Both right atrial pressure (RAP) estimates and inadequate tricuspid regurgitation (TR) signals can lead to overestimation or underestimation in he-
modynamic assessments.
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aging and increasing BSA can elevate RVSP values in this range
without necessarily indicating PH.”778

Key Points

e Using the modified Bernoulli equation, RVSP is estimated by
the following formula: RVSP = [4 x (TR peak
velocity)> + RAPI. A RVSP =35 mm Hg is generally consid-
ered abnormal.

e RVSP estimation is feasible in a majority of subjects and should
be calculated from the highest velocity with a dense Doppler
envelope, regardless of the window used to record this signal.

e An average of three consecutive beats should be used in sinus
rhythm to account for beat-to-beat variability and five to 10
beats in patients with arrhythmias obtained from the same
acoustic window. The highest single velocity after a premature
atrial or ventricular contraction, or a pause should be avoided.

e Agitated saline, blood-saline contrast, or UEA can be used to
enhance the Doppler signal. Overgaining should be avoided.

o Resting peak TR velocity of =2.9 or =2.8 m/s with at least two
adjunctive echocardiographic signs suggests PH and warrants
further investigation.

e Healthy physiologic aging and increasing BSA may elevate
RVSP without necessarily indicating PH.

Recommendations

1. RVSP can be easily obtained noninvasively and should always
be included in the standardized report when an adequate TR
signal is present.

2. In patients at risk for PH or being monitored for PH with an
inadequate Doppler signal, agitated saline, blood-saline
contrast, or UEA should be used to augment the Doppler
signal.

Pulmonary Artery End-Diastolic Pressure

Pulmonary artery end-diastolic pressure (PAEDP) can be estimated
from the CW Doppler end-diastolic PR velocity using the modified
Bernoulli equation:

PAEDP = [4 x (peak end — diastolic PR velocity)®] + RAP.

The PR signal is easily acquired from the PSAX view at the level
of the aortic valve and angling upward to visualize the PV annulus
and RVOT. CW Doppler is then used to measure the peak end-
diastolic PR velocity at a sweep speed of 75 to 100 mm/s. A
resting end-diastolic PR velocity of =2.2 m/s is generally consid-
ered abnormal.

CW Doppler alignment that is not parallel to the angle of PR flow
can lead to underestimation or overestimation of PAEDP. In cases of
severe PR and constrictive or restrictive RV physiology, the rapid
deceleration slope can cause the end-diastolic PR velocity to influ-
ence the accuracy of PAEDP.?%° PAEDP measurements can also
be influenced by arrhythmias and tachycardia. As with RVSP estima-
tion, the highest single velocity after a premature contraction or
pause should be avoid. In patients with arrhythmia, an average of
five to 10 beats should be used.

Journal of the American Society of Echocardiography
March 2025

Key Points

e Using the modified Bernoulli equation, PAEDP is estimated by
the following formula: is PAEDP = [4 x (PR peak velocity)? +
RAPI. A resting PR peak end-diastolic velocity of =2.2 m/s is
generally considered abnormal.

e Severe PR and constrictive or restrictive RV physiology are com-
mon sources of under- and overestimation of PAEDP, respectively.

Recommendations

1. PAEDP is readily obtainable from the PSAX PA-focused view
when an adequate PR Doppler signal is present.

2. PAEDP should be reported in patients at risk for PH or being
monitored for PH in conjunction with RVSP.

Mean Pulmonary Artery Pressure

Although there are several formulas that can be used to estimate
mean PA pressure (mPAP, reported in mm Hg), the most common is
mPAP = [1/3 x (PASP) + 2/3 x (PAEDP)].

Other formulas include the following:

mPAP =79 — (0.45 x AccT) or

mPAP = 90 — (0.62 x AccT) when AccT < 120 ms,®'
mPAP = 4 x (early PR velocity)” + RAP,**

mPAP = VTl + RAP,*’

and

mPAP = [PASP x 0.61] + 2 mm Hg.%*

As with other Doppler-based techniques, estimation of PR and TR
velocities depends on dense CW Doppler signals, accurate Doppler
alignment, and confirmation of the highest signal using multiple imag-
ing planes. Although there are several echocardiographic methods to
calculate mPAP, standard reporting of RVSP is generally preferred for
several reasons. First, RVSP is directly measured from the peak veloc-
ity of the TR jet, making it a more straightforward and reliable esti-
mate of RVSP. In contrast, methods like AccT and the integration of
PASP and PAEDP within mPAP equations rely on indirect calcula-
tions and assumptions, which can introduce measurement errors.
Definitive mPAP assessment for PH diagnosis and classification, and
therapeutic initiation requires direct hemodynamic measurement
by invasive right heart catheterization (RHC).>”°

Key Point

e The most common formula to noninvasively derive mPAP is:
mPAP = [1/3 x (PASP) + 2/3 x (PAEDP)]. A mPAP > 20
mm Hg is considered abnormal.

Recommendations

1. Standard reporting includes RVSP estimation. Although multi-
ple formulas exist to calculate mPAP noninvasively, the reli-
ance on indirect measurements and additional calculations
makes this technique less favorable.

2. When clinically relevant, such as screening and monitoring of
patients with PH, reporting of mPAP can be considered when
RVSP estimation is limited.

3. Definitive diagnosis and classification of PH requires invasive
hemodynamic confirmation by RHC.
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Pulmonary Vascular Resistance

PVR describes the resistive afterload on the RV from the pulmonary
circulation®® and is a key component for diagnosing, grading, and clas-
sifying PH.#° In PH, PVR is a marker of disease chronicity and the
extent of adverse pulmonary vascular remodeling. Notably, elevated
RVSP and/or PASP does not always imply increased PVR, as appreci-
ated from the relationship:

A pressure = Flow x Resistance.

Therefore, PVR may offer a better assessment of intrinsic resistive
properties of the pulmonary vasculature. PVR elevation may help
distinguish between elevated PASP due to PVD and elevated PASP
from a high-output state or other post-capillary etiology. The Abbas
formula®? is used to estimate PVR noninvasively, defined as

PVR (reported in Wood Units = {[(Peak TR velocity /VTlgyor) X
10] + 0.16 Wood units}.

This formula reports peak TR velocity in meters per second and
VTlrvor in centimeters. A normal PVR is <1.5 Wood units
(120 dynes - cm/s%), while PVR > 2.0 Wood units (160 dynes -
cm/s?) is abnormal and suggestive of PH.>*

However, several factors may limit widespread acquisition and re-
porting of PVR by echocardiography. Similar to mPAP, PVR calcula-
tion depends on indirect measurements that may be influenced by
variability and accuracy of Doppler image acquisition. Small errors
in either peak TR velocity or RVOT VTI can significantly influence
the accuracy of PVR estimation. Furthermore, the Abbas equation
is unreliable in patients with very high PVR (>8 Wood units), as this
formula was derived within a specific range of PVR encountered in
clinical practice.®® Precise assessment of PVR is crucial for diagnosis
and guiding treatment decisions in PH, and therefore, direct invasive
hemodynamic measurements are generally preferred over noninva-
sive measures.

Key Points

e PVR is calculated noninvasively using the Abbas formula:
PVR = [(Peak TR velocity/VTlryor) % 10 + 0.16]. PVR >2.0
Wood units is considered abnormal.

e Calculating PVR may help distinguish distinguish if elevated
PASP is due to pre-capillary or post-capillary etiologies. PVD
or to left heart disease.

Recommendations
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taneous LV pressure just before the onset of ventricular contraction,
serving as a surrogate measure of LV preload and diastolic compliance.
Differences between LVEDP and mean PCWP are also exaggerated in
AF, hemodynamically significant mitral regurgitation (leading to a large
V wave), and left atrial myopathies.®” Mitral stenosis, pulmonary vein ste-
nosis, pulmonary veno-occlusive disease, or chronic thromboembolic
PH may also result in higher PCWP than LVEDP.

Therefore, PCWP represents an integrative measure of LV preload,
diastolic function, and cumulative hemodynamic burden on the pul-
monary circulation, offering a more comprehensive assessment of LV
filling pressures across the cardiac cycle. There are several methods to
calculate PCWP. Most commonly, PCWP is estimated from the mitral
inflow method using the following formula®®:

PCWP = [1.24 x (mitral E/€’ ratio) + 1.9].

PCWP can also be estimated using the SV method. SV is calculated
as SV =7r? x VTl yot, where ris the radius (half the cross-sectional
diameter) of the LV outflow tract (LVOT). Pulse pressure is calculated
as 4 x [(peak TR velocity)® — (PR end-diastolic velocity)?]. The ratio
of SV to pulse pressure is then used in the following formula:
PCWP = SV/pulse pressure.

A normal PCWP is <12 to 15 mm Hg. However, estimates of
PCWP have limited value in certain clinical conditions, such as the
presence of LV assist devices, left bundle branch block, paced
rhythms, atrial arrhythmias, mitral prostheses, significant mitral
annular calcification, mitral stenosis, and/or mitral regurgitation.®®
There are a number of limitations in estimating PCWP, requiring
caution and careful consideration of the clinical context when inter-
preting these measurements.

Key Points

o PCWP is calculated noninvasively using the following formula:
PCWP =1[1.24 x (mitral E/€’ ratio) + 1.9]. A normal PCWP is
<12 to 15 mm Hg.

e PCWP is an integrated measure of LV preload, diastolic func-
tion, and the cumulative hemodynamic impact of the left heart
on pulmonary circulation.

e Several common clinical scenarios may limit the routine use of
this equation.

Recommendation

1. Although echocardiography-derived PVR can be obtained in
most cases, it is not recommended for routine use, because
as it depends on indirect measures and have accuracy in pa-
tients with advanced PVD.

2. Noninvasive PVR estimates do not substitute for invasive he-
modynamic assessment for the diagnosis, grading, and classifi-
cation of PH.

Pulmonary Capillary Wedge Pressure

“Pulmonary capillary wedge pressure” (PCWP) and “PA wedge pressure”
are interchangeable terms and both provide different hemodynamic in-
formation than LV end-diastolic pressure (LVEDP).%” The mean PCWP
reflects the cumulative hemodynamic effect of left atrial pressure
throughout the cardiac cycle and the impact of left-sided ventriculoarte-
rial coupling on pulmonary compliance. In contrast, LVEDP is the instan-

1. It is recommended to avoid routine reporting of PCWP, as it
may be redundant given that averaged or medial mitral E/e’
values, which are already included in the standard diastolic
assessment.

Limitations of Doppler-Based Techniques

There are inherent limitations to the noninvasive assessment of he-
modynamics, as shown in Table 5. First, Doppler measurements are
angle dependent and require optimal alignment (<20° © angle),
requiring interpretation of the highest velocity across multiple opti-
mized imaging windows. Errors in gain settings may also affect the
accuracy of hemodynamic measurements. Overgaining can
exponentially amplify the measured pressures, while undergaining
low can lead to inadequate detection of the Doppler signal. In pa-
tients at risk for PH or being monitored for PH, agitated saline,
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blood-saline contrast, or UEA should be used to augment the
Doppler signal instead of excessively increasing the gain.
Hemodynamic factors, arrhythmia, valvular heart disease, and right
heart adaptation may also impact the accuracy and precision of
these noninvasive measurements. Secondary signs of PH such as
abnormal LVEI, RV dysfunction and/or dilatation, dilated MPA,
short RVOT AccT (=105 ms), and RVOT VTI contour, may improve
probability of PH diagnosis.”® While RHC remains essential for PH
diagnosis and classification, echocardiography plays a fundamental
role in screening and early detection of PH.

D. RIGHT VENTRICULAR DIASTOLIC FUNCTION

Assessment of RV diastolic function is frequently excluded from stan-
dard echocardiographic reporting, despite increasing recognition of its
relevance in many acute and chronic conditions, including PH.% RV
diastolic dysfunction is a sensitive and measurable marker of subclin-
ical RV dysfunction, often manifesting before overt systolic dysfunc-
tion, RV dilatation, or RV hypertrophy (RVH).5*?° Table 6
highlights common clinical conditions associated with RV diastolic
dysfunction.

Standard RV diastolic evaluation includes PW Doppler assessment
of transtricuspid inflow (E- and A-wave velocities, tricuspid E/A ratio,
deceleration time), PW Doppler of HV flow patterns, and lateral
tricuspid annulus TDI (¢’ and &’ velocities, €'/a’ ratio). IVRT can
also be included into diastolic assessment and is typically =73 ms
in normal healthy adults. Doppler assessments are integrated with
standard morphologic evaluations of the RA, RV, and IVC, as shown
in Table 3. Grading of diastolic dysfunction relies on the tricuspid E/A
ratio, deceleration time (normal range, 120-230 ms), abnormal
tricuspid E/¢’ ratio >6), and HVd flow predominance in the hepatic
veins, as detailed in Table 6. TDI €’ and a’ velocities are generally less
load dependent compared with tricuspid inflow velocities, which are
affected by loading conditions and RV stiffness and compliance.”®

Transtricuspid flow velocity measurements are generally feasible in
most patients, with low inter- and intraobserver variability,”' requiring
measurements at end-expiration and averaging of at least five consec-
utive beats.”” Physiologic conditions, heart rate, and respiratory rate
may affect different RV diastolic parameters. Inspiration increases E
wave velocity, resulting in a higher E/A ratio, while tachycardia in-
creases E wave velocity but raises A wave velocity more, thereby
lowering the tricuspid E/A ratio.”> A normal physiologic response
to exercise leads to proportional increases in both early rapid filling
(E) and atrial contribution (A), generally maintaining the E/A ratio.
Hemodynamically significant TV disease and atrial arrhythmias can
also confound diastolic parameters. Last, age- and sex-specific differ-
ences in E/A ratio and TDI tricuspid € velocities have been described,
with higher inflow velocities seen in older healthy women.”*”* When
assessing RV diastolic function, it is important to consider these factors
in an integrated fashion rather than considering any single diastolic
parameter in isolation.

Several studies have evaluated the clinical impact of RV diastolic
dysfunction in PH. In addition to correlating with invasive hemody-
namics, derangements in diastolic parameters correlate with func-
tional class, PH severity, 6-minute walk distance, N-terminal pro—
brain-type natriuretic peptide, and poor clinical outcomes.5%?%%°
Diastolic filling patterns also reflect therapeutic response and in pul-
monary arterial hypertension (PAH), can improve acutely with
directed therapies.”®
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Key Points

e RV diastolic dysfunction is an early marker of subclinical dis-
ease that correlates with hemodynamic and functional vari-
ables in PH.

e RV diastolic assessment includes evaluating the morphologic
features of the right heart, transtricuspid inflow velocities, TDI
lateral annular velocities, and HV flow patterns.

e RV diastolic assessment is affected by age, sex, and physiologic
factors such as respiratory rate and heart rate.

Recommendation

1. Although RV diastolic function is generally feasible in most pa-
tients, standardized assessment and reporting are limited mostly
to select populations such as patients with or at risk for PH.

E. RIGHT HEART REMODELING IN PULMONARY
HYPERTENSION

Defining Pulmonary Hypertension

The hemodynamic definition of PH was recently revised to a resting
mPAP >20 mm Hg,>> on the basis of extensive epidemiologic ev-
idence of adverse clinical outcomes and heightened mortality in
adults with mPAP of 21 to 24 mm Hg.”” The current PH clinical
classification includes five different groups, as shown in Table 7,
with PVR > 2 Wood units distinguishing between pre- and postca-
pillary forms.?

Right Heart Adaptation to Pulmonary Vascular Disease

The RV adaptation to increased afterload is the main determinant of
outcome in PH, a chronic disease marked by progressive vasoconstric-
tion and adverse pulmonary vascular remodeling.®> Physiologic
matching of RV contractility to increased afterload, known as RV-
PA coupling,” induces a series of adaptive chamber-level structural
and morphologic changes (Figure 4, A). Effective RV adaptation
and ventricular remodeling is a complex process influenced by the
severity, duration, and rapidity of PVD, as well as the degree of hemo-
dynamic derangements, neurohormonal activation, coronary perfu-
sion, and myocardial metabolism.?>78

Although less muscular than the LV, the RV is able to maintain the
same SV with approximately 25% of the stroke work due to the low
resistance and high compliance of the pulmonary vascular bed.
Initially, the RV chamber adapts to increasing afterload by enhancing
muscle contractilty and mass up to four- to fivefold through the addition
of sarcomeres aligned in parallel with cardiomyocytes.” Adaptive RV re-
modeling is defined by concentric RVH with minimal RV dilatation or
fibrosis, preserved RVEF and cardiac output (CO), normal RV filling
pressures, and preserved or mildly impaired exercise capacity.
However, these adaptive mechanisms fail when afterload exceeds the
compensatory gain of contractility, and the chambers begin to dilate
to increase SV and maintain CO.”>

Maladaptive RV remodeling is characterized by chamber dilatation,
lower RV mass, increased RV volumes, RV tissue fibrosis, diminished
RV function, and decreased exercise capacity.” Several key echocar-
diographic features can be seen during this phase of remodeling.®
First, as the RV chamber dilates, the chamber contour shifts from
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Table 6 RV diastolic function assessment

Abnormal
Normal Impaired Pseudonormal Restrictive

Morphologic assessment

RAV index (method of disks), mL/m? <30 =30

RVWT, cm <0.5 =0.5

IVC size, cm =21 >2.1

IVC inspiratory variation =50% <50%
Doppler assessment

E/A ratio =0.8 to <2.0 <0.8 0.8 to 2.1 >2.1

DT, ms =120 to =230 >230 120 to 230 <120

PA diastolic antegrade flow No No Yes Yes

Hepatic vein flow S/D ratio =1 =1 <1 <1

Hepatic vein diastolic predominance No No Yes Yes
TDI

e'/a ratio =0.5t0<1.8 <1

E/e’ ratio <6.0 >6

RV IVRT, ms =73 >73

Conditions associated with RV diastolic dysfunction (alphabetical order)
Acute hypoxia
Aging
Amyloidosis
Antiphospholipid antibody syndrome
Aortic regurgitation
Aortic stenosis
Arrhythmogenic RV cardiomyopathy
Behcet’s vasculitis
B-thalassemia
Cardiac transplantation
Cardiomyopathy
Chagas disease
Chronic heart failure
Chronic obstructive pulmonary disease
Congenitally corrected transposition of the great arteries
Cystic fibrosis
Diabetes mellitus
Essential hypertension
Hepatopulmonary syndrome
Hypothyroidism
Mitral regurgitation
Myocardial infarction due to left anterior descending coronary artery lesion
Myocardial infarction or ischemia due to (proximal) right coronary artery lesion
PAH
Pulmonary embolism
Pulmonic stenosis
Repaired tetralogy of Fallot depending on surgical approach
Repaired transposition of the great arteries
Renal transplantation
Rheumatoid arthritis
Smoking
Stenosis of MPA and branch arteries
Systemic sclerosis (scleroderma)

DT, deceleration time; IVC, inferior vena cava; IVRT, isovolumetric relaxation time; MPA, main pulmonary artery; PA, pulmonary artery; PAH, pul-
monary arterial hypertension; RAV, right atrial volume; RV, right ventricle; RVWT, right ventricular wall thickness
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Table 7 PH definition and classification
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PH

Characteristics

Clinical group

PH
Precapillary PH

Isolated postcapillary PH

Combined pre- and postcapillary PH

mPAP > 20 mm Hg

mPAP > 20 mm Hg
PCWP = 15 mm Hg
PVR >2 WU

mPAP > 20 mm Hg
PCWP > 15 mm Hg
PVR =2 WU
mPAP > 20 mm Hg
PCWP > 15 mm Hg
PVR >2 WU

All groups
Group 1 PAH
Group 3 PH associated with lung disease and/or
hypoxia
Group 4 PH associated with PA obstruction
Group 5 PH with mixed/unclear etiology

Group 2 PH associated with left heart disease
Group 5 PH with unclear/multifactorial mechanisms

Exercise PH mPAP/CO slope between rest and Group 1 PAH
exercise > 3-3.5 mm Hg - min/L Group 2 PH associated with left heart disease

Group 3 PH associated with lung disease and/or
hypoxia
Group 4 PH associated with PA obstruction
Group 5 PH with mixed/unclear etiology

Group 1 PAH

1.1. Idiopathic

1.1.1. Long-term responders to calcium channel blockers

1.2. Heritable (BMPR2 or other mutation)
1.3. Associated with drugs and toxins
1.4. Associated with:

1.4.1. Connective tissue disease

1.4.2. HIV infection

1.4.3. Portal hypertension

1.4.4. Congenital heart disease

1.4.5. Schistosomiasis

1.5. PAH with features of venous/capillary (PVOD/PCH) involvement

1.6. Persistent PH of the newborn
Group 2 PH associated with left heart disease
2.1. Heart failure
2.1.1. With preserved ejection fraction

2.1.2. With reduced or mildly reduced ejection fraction

2.1.3. Cardiomyopathies with specific etiologies (hypertrophic, amyloid, Fabry disease, Chagas disease)

2.2. Valvular heart disease
2.2.1. Aortic valve disease
2.2.2. Mitral valve disease
2.2.3. Mixed valvular disease

2.3. Congenital/acquired cardiovascular conditions leading to postcapillary PH
Group 3 PH associated with lung diseases and/or hypoxia

3.1. Obstructive lung disease or emphysema
3.2. Interstitial lung disease

3.3. Lung disease with mixed restrictive/obstructive pattern
3.4. Other parenchymal lung diseases (not included in group 5)
3.5. Nonparenchymal restrictive lung diseases

3.5.1. Hypoventilation syndromes
3.5.2. Pneumonectomy

3.6. Hypoxia without lung disease (e.g., high altitude)

3.7. Developmental lung disorders

(Continued)
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Table 7 (Continued)

Mukherjee, M et al 171

Group 4 PH associated with PA obstructions
4.1. Chronic thromboembolic PH
4.2. Other PA obstructions

Group 5 PH with unclear and/or multifactorial mechanisms
5.1. Hematologic disorders

5.2. Systemic disorders: sarcoidosis, pulmonary Langerhans cell histiocytosis, and neurofibromatosis type 1

5.3. Metabolic disorders
5.4. Chronic renal failure with or without hemodialysis
5.5. Pulmonary tumor thrombotic microangiopathy
5.6. Fibrosing mediastinitis
5.7. Complex congenital heart diseases

Conditions that contribute to PH and warrant screening
BMPR2 mutations, a first-degree relative with a BMPR2 mutation
HIV infection
Congenital heart disease with shunt
Connective tissue diseases: systemic sclerosis
Sickle-cell disease

Chronic lung diseases with hypoxia: interstitial lung disease, obstructive sleep apnea, obesity hypoventilation syndrome

Acute and recurrent pulmonary embolism

Hematologic disorders: chronic hemolytic anemia, myeloproliferative disease, splenectomy

Systemic disorders: sarcoidosis, pulmonary histiocytosis, lymphangioleiomyomatosis
Metabolic disorders: glycogen storage diseases, Gaucher disease, thyroid disorders

BMPR2, Bone morphogenic protein receptor 2; CO, cardiac outputH/V, human immunodeficiency virus; mPAP, mean pulmonary arterial pressure;
PCH, pulmonary capillary hemangiomatosis; PCWP, pulmonary capillary wedge pressure; PVOD, pulmonary veno-occlusive disease; PVR, pul-

monary vascular resistance; WU, Wood units.

crescentic to spherical, with the end-diastolic midventricular linear
dimension increasing relative to the longitudinal dimension
(Figure 4, B). These changes typically precede an increase in the basal
linear dimension. Additionally, there will be an increase in RVESA,
occurring before increases in RVEDA. Diastolic dysfunction may
also develop at this stage, as the RV becomes less compliant, leading
to impaired filling and increased diastolic pressures. Mechanistically,
RV chamber dilation likely occurs because the thinner RV wall expe-
riences greater wall stress for a similar pressure increase compared
with the LV.” Abnormal wall stress combined with progressive con-
tractile dysfunction can also result in leftward tethering of the RV
apex, a phenomenon known as apical traction.*>”? In this stage of
maladaptation, basal RV function is often preserved, resulting in po-
tential overestimation of RV systolic function by parameters such as
TAPSE and TDI §' velocity.””

In advanced stages, there is continued right heart chamber
enlargement and progressive contractile dysfunction against
elevated afterload, known as RV-PA uncoupling (Figure 4, O).
Clinically, RV-PA uncoupling is marked by congestive right heart
failure, diminished CO due to ventricular interdependence,!'®°
increased filling pressures, restrictive RV diastolic dysfunction,
and interventricular mechanical dysynchrony.”?* Adverse remod-
eling can also lead to TVA dilatation and poor leaflet coaptation,
leading to significant FTR, further affecting RV performance and
clinical outcomes in patients with PH.

Evaluation and Prognostic Significance of RV
Maladaptation in PH

The precise mechanisms and timing of adaptive and maladaptive
right heart remodeling are highly complex, occur along a contin-
uum, and differ across various disease etiologies, independent of
the degree of afterload elevation. As many imaging parameters
are dependent on hemodynamic loading conditions, echocardio-
graphic ratios that integrate contractile response at a given after-
load may be more representative of deficient RV-PA coupling.
The TAPSE/PASP ratio is an important noninvasive physiologic in-
dex of RV-PA coupling that has prognostic significance in a num-
ber of clinical settings,*” including pre- and postcapillary PH*®
309 and heart failure.’’ However, previous studies have shown
that TAPSE decreases during the early stages of RV remodeling,
but remains relatively stable in advanced disease, highlighting its
limited capacity to distinguish between adaptive and maladaptive
remodeling.>'°" As a result, the optimal numerator within echocar-
diographic ratios of RV-PA coupling may vary according to age,
sex, race/ethnicity, body habitus, comorbid conditions, and severity
of PH. In a recent study of patients with PAH, RVFWS/PASP out-
performed TAPSE/PASP and independently predicted a combined
end point of death and heart or lung transplantation using a cutoff
of 0.19%/mm Hg.”® Recent studies have also demonstrated that
FAC/PASP has improved prognostic value over other numerators,
reflecting age- and sex-specific adaptation to increased
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afterload.’®°” These studies underscore that echocardiographic
RV-PA coupling ratios offer valuable insights into quantifying and
prognosticating right heart adaptation to a given afterload across
the disease continuum, yet are dependent on the specific numer-
ator used.

Key Points

e Effective right heart adaptation to increased afterload is the
main determinant of morbidity and mortality in PH and occurs
along a continuum.

o Adaptive remodeling is characterized by concentric RVH with
minimal RV dilatation and preserved function.

e Maladaptive RV remodeling is marked by chamber dilatation
and progressive contractile dysfunction, known as RV-PA un-
coupling, and is associated with onset of clinical heart failure.

Recommendations

1. A comprehensive assessment that incorporates structural
changes and functional measures should be used to systemat-
ically evaluate RV adaptation to PH.

2. Echocardiographic coupling measures that integrate the con-
tractile response to a given afterload can improve prognostica-
tion in clinical practice.

F. SPECIAL TOPICS

Precapillary vs Postcapillary Pulmonary Hypertension

A common clinical challenge in PH is distinguishing between precapil-
lary and postcapillary phenotypes, which requires confirmatory diag-
nosis through invasive RHC. However, echocardiography can
identify relevant adaptive and maladaptive changes in right heart
morphology and function, providing insights into the predominant
phenotype and underlying pathophysiology.”® Table 8 summarizes
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common clinical and echocardiographic features observed across
different PH phenotypes.

Fluid Challenge

A fluid challenge stresses the pulmonary circulation and can potentially
differentiate between pre- and postcapillary PH, enhancing diagnostic
accuracy. %% Although the specifics may vary based on clinical context,
a fluid challenge typically involves the administration of 250 to 500 mL
of crystalloid solution over 15 to 30 minutes, and adjusted based on the
observed hemodynamic response. A positive fluid challenge is gener-
ally defined as an increase in PCWP >18 mm Hg and/or an increase
in mitral E/¢’ ratio >12, indicating elevated left atrial pressure and sup-
porting a diagnosis of occult LV diastolic dysfunction.'®>'%® Further
studies are needed to validate the routine use of fluid challenge during
standard echocardiography for identifying occult LV diastolic dysfunc-
tion and unmasking postcapillary etiologies.

Assessment of Exercise Hemodynamics and Right
Ventricular Functional Reserve

Assessing ventricular coupling with the pulmonary circuit during
stress provides significant insight into cardiopulmonary physiology
in healthy and diseased subjects, by evaluating symptoms such as dys-
pnea and fatigue and identifying characteristic echocardiographic pre-
and post-capillary phenotypes that improve prognostication.'®*!'°°
Semirecumbent bicycle stress is the preferred noninvasive method
for assessing cardiopulmonary hemodynamics and contractile
reserve.

Exercise-induced elevation in pulmonary pressures predicts
outcomes in individuals at risk for PH. An abnormal pulmonary
vascular response to exercise has been previously defined as a
rest-stress RVSP difference =20 mm Hg and/or a peak RVSP
=50 mm Hg.'%"'9” A rest-stress mitral E/e’ ratio >12 suggests a
component of postcapillary disease, with E/e’ ratios =15 indi-
cating higher mortality risk, independent of ischemia or LV
dysfunction.'”® Worsening mitral and/or tricuspid regurgitation
with increased RVSP during exercise may further suggest a post-
capillary phenotype. It is important to note that PASP can be influ-
enced by various factors such as age, physical conditioning, and

C.RV-PA
Uncoupling

Spherical and
4 dilated RV with
abnormal
eccentricity inded «ge

Preserved LV . Dilated RA with %
function bowing ofthe &
1AS

Progressive Increase in Right Ventricular Afterload and Pulmonary Vascular Resistance

Figure 4 Right heart remodeling in PH. (A) The right ventricle initially responds to increased afterload by increasing RVWT to increase
contractility and maintain CO. (B) With progressive PH, the contractile increases are insufficient to maintain CO, and the chamber
dilates to increase SV. There may also be signs of apical traction, where the RV apex is tethered leftward because of weakened
RV function and the inability to counteract LV forces. (C) Ultimately, there is an increase in right heart chamber sizes and RV systolic
dysfunction, and abnormal LVEI, leading to diminished left ventricular performance, ventricular interdependence, and RV-PA uncou-
pling. TVA dilatation and FTR may also be present. /AS, Interatrial septum.
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Table 8 Common clinical and echocardiographic features across ph phenotypes

Group 1 Pre-capillary
pulmonary arterial
hypertension

Group 2 Post-capillary
pulmonary venous
hypertension

Normal or small left heart

Normal mitral E/e’ ratio (<8)

Dilated right heart: RV/LV>1, dilated RA (=19 cm?), RVH (A)

LVEI>1.1, flattening of the interventricular septum in systole + diastole based on hemodynamic conditions (B)

RVOT AccT =105 msec

Abnormal peak TR velocity =2.9 m/s*

Abnormal end-diastolic PR = 2.2 m/s

TAPSE/PASP ratio <0.55 mm/mm Hg, <0.3-0.4 mm/mm Hg is associated with RV/PA uncoupling and increased

mortality

Dilated PA >25 mm (C)

Dilated IVC with abnormal respirophasic variation, may have dilated hepatic veins with abnormal HVs/HVd ratio < 1
and holosystolic flow reversal (D).

Typically, younger patients without cardiovascular co-morbidities

LV hypertrophy (A) and/or LV chamber dilatation

Reduced or preserved LV ejection fraction

Normal LV eccentricity index <1.2 (B)

Dilated LA

Abnormal diastolic function, typically = Grade 2 LV diastolic dysfunction (C)
Pathological mitral E/e’ ratio >14 (D)

=mild-moderate mitral or aortic disease (E)

Abnormal peak TR velocity =2.9 m/s* (F)

Normal right heart until late in disease course

Typically, older patients with cardiovascular co-morbidities

(Continued)
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Table 8 (Continued)
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Group 3 Pre-capillary

Patients may have difficult acoustic windows due to lung interference that can be optimized through the utilization of

Due to shared risk factors with Group 2 PH including smoking and obesity, there may be varying degrees of left heart

pulmonary subcostal imaging planes
hypertension due to
lung disease disease such as LV hypertrophy and LA enlargement

Abnormal diastolic function, typically = Grade 1 LV diastolic dysfunction
Normal mitral E/e’ ratio unless there is concomitant Group 2 disease.
Typically, normal or small RV with RVH until late in the disease course (A)
RV function is typically preserved until late in the disease course
Abnormal RVSP with peak TR velocity = 2.9 m/s* (B)

Group 4 Pre-capillary Chronic Thromboembolic Disease

g Vel 389cmis
PG 60 mmHg
l] .

Due to shared risk factors with Group 2 PH including smoking and obesity, there may be varying degrees of left heart

Mild RA and RV enlargement with RVH until late in the disease course, may appear similar to Group 1 PAH (A)

pulmonary

hypertension due to disease such as LV hypertrophy and LA enlargement

chronic Normal mitral E/e’ ratio unless there is concomitant Group 2 disease
thromboembolic

disease Abnormal RV function (B)

Abnormal RVSP with peak TR velocity =2.9 m/s* (C)

Of note, there may be a combined echo phenotype with shared features depending on stage of disease, disease duration, and co-morbid condi-
tions. Further, echo phenotypes may change depending on stage and disease duration.
*Abnormal RVSP is defined as =2.9 m/s or =2.8 m/s with two adjunctive echo signs.

underlying health conditions, and defining the threshold of abnor-
mality requires careful consideration of these variables in the clin-
ical context.'®” Previous studies have shown that well-trained
athletes and healthy adults >55 years may reach a peak PASP
levels of 55-60 mm Hg that is physiologic rather than pathologic,
driven by enhanced adaptation, increased CO, augmented RV in-
otropy due to heightened sympathetic tone, and pulmonary vaso-
dilation.""”

Increased PASP during exercise may also reflect preserved RV con-
tractile reserve,'!! as evidenced by improved survival in patients with

severe PH who can augment PASP by =30 mm Hg during exer-
tion.'%? In this context, exercise stress echocardiography can evaluate
RV contractile reserve, defined as the ability to enhance contractility
with stress provocation. Global RV contractile reserve is measured by
an exertional increase in RV functional parameters (TAPSE, DTI S’ ve-
locity, FAC), though specific numerical values are not well defined
and may vary by sex.'°*!'' Additionally, exercise-induced impair-
ments in regional and global RVFWS can identify deficient contractile
reserve in patients with connective tissue disease and PVD, serving as
predictors of incident PH."'#!13
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Given the relative load dependence of many functional measures,
echo-derived RV-PA coupling metrics may more effectively identify
abnormal contractile responses to exertional changes in afterload,
which may not be evident through conventional measures alone.
These findings underscore the need to define exercise-induced pres-
sure-flow relationships to detect pressure- and flow-dependent PVR
changes. The European Society of Cardiology (ESC) and European
Respiratory Society (ERS) guidelines define exercise-induced PH as
an abnormal mPAP/CO slope of >3 mm Hg/L/min, emphasizing
the dynamic relationship between mPAP and CO rather than an ab-
solute mPAP threshold.”® Defining abnormal pulmonary pressures
during exercise is challenging without considering RV contractile
function. Poiseuille’s equation (Q= AP/R) highlights that an abnormal
pressure increase during exercise could stem from either high CO
(e.g., in athletes) or elevated resistance (e.g., in PVD). In normal
individuals, exercise increases SV and reduces PVR through pulmo-
nary vasodilation. A recent study using bicycle stress echocardiogra-
phy established the upper limit of normal for an echo derived
mPAP/CO slope at 3.0 to 3.5 mm Hg/L/min,'®> accounting for var-
iations by age, sex, and race/ethnicity.''

Key parameters obtained during a hemodynamic stress test
include RV functional measures (TAPSE, DTI S’ velocity, FAC)
from an RV-focused apical four-chamber view, RVSP, and LV dia-
stology obtained at each stage of exertion. RVSP is calculated using
RAP obtained at rest. CO is derived from the diameter measured at
rest, and LVOT VTl is obtained at rest and stress. The most common
formula to calculate mPAP during exercise stress is mPAP =
[PASP*0.611 + 2 mm Hg.5*'> RVFWS and FAC can be assessed
offline if there is adequate RV visualization throughout the cardiac
cycle. If significant mitral and/or tricuspid regurgitation is present at
baseline, detailed valvular assessment should also be performed at
each stage.'%°

Key Points

e Semirecumbent bicycle stress is the preferred noninvasive
method for assessment of cardiopulmonary hemodynamics.

e Exertional changes in cardiopulmonary hemodynamics may
help distinguish precapillary and postcapillary PH pheno-
types.

e A precapillary PH phenotype is characterized by an exertional
PASP increase without significant changes in LV diastolic pa-
rameters and the degree of aortic and/or mitral regurgitation
or stenosis. There may also be diminished RV contractile
reserve, defined by absent augmentation of RV functional
parameters.

e A postcapillary PH phenotype is characterized by exertional
PASP increase with worsening of LV diastolic parameters
with or without an increase in degree of mitral regurgitation
and/or TR.

e Integrating pressure-flow relationships using mPAP/CO may
help identify exertional PH. The normal echo derived mPAP/
CO slope range is 3.0 to 3.5 mm Hg - min/L with exercise.

e Stress echocardiography can also provide important informa-
tion regarding RV contractile reserve in PH and at-risk popula-
tions.
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Recommendation

1. Semirecumbent bicycle stress echocardiography is recommen-
ded for evaluating unexplained dyspnea, distinguishing cardio-
pulmonary causes, and identifying PH phenotypes. Using
bicycle stress provides real-time continuous assessment of
exercise-induced hemodynamic changes, improving detection
of abnormal RV-PA coupling and PVR in patients with sus-
pected PH.

G. TRICUSPID VALVE DISEASE

The integrity of the TVA is critical for optimal right heart performance.
Comprehensive echocardiographic assessment is crucial to accurately
determine TR severity and identify the mechanism and underlying
valvular pathology. TR is highly prevalent, categorized into three main
morphologic subtypes: primary, arising from a primary abnormality of
the TVA; FTR, secondary to adverse right heart remodeling; and isolated
atriofunctional TR (AFTR), due to adverse RA remodeling and long-
standing atrial arrhythmia, such as AF.!">'1¢

Anatomically, the TV typically has three leaflets: anterior, septal,
and posterior. In healthy individuals, the relative circumferential
length ratio of the anterior/septa/posterior leaflets is 1:1:0.75. The
anterior leaflet is the longest radially and most mobile, while the septal
leaflet is the shortest and least mobile. However, there can be consid-
erable variation in the number of leaflets and three (type I, 54% of pa-
tients), four (type IlI, 39%), two (type 1I, 5%), and five (type IV, 2%)
leaflets have been described."”

Primary TR is caused by an abnormality of any of the components of
the TVA and commonly include myxomatous leaflet degeneration,
leaflet prolapse, infective endocarditis, procedural iatrogenic perfora-
tion, and leaflet impingement from indwelling intracardiac leads.
Primary TR also occurs in patients with ACHD due to congenital mal-
formations such as Ebstein’s anomaly, TV dysplasia, endocardial cushion
defects, and structural involvement related to the specific undetlying
ACHD defect. Ebstein’s anomaly is characterized by the apical displace-
ment of the TV leaflets, which arise directly from the RV endocardium
without any identifiable chordae. Primary TR resulting from leaflet dam-
age can also occur secondary to anorectic drugs and ergot alkaloids, ra-
diation, and systemic diseases such as carcinoid syndrome.'"®

FTR and AFTR are the predominant forms of TR, accounting for
>80% of cases''® and result from adverse right atrioventricular re-
modeling with a morphologically normal TVA. In the setting of PH
and right heart maladaptation, TR severity and etiology both have
important prognostic roles in determining the type and timing of ther-
apy. Both qualitative and quantitative methods for assessing TR
severity have been described.''® Adjunctive signs frequently seen in
severe TR include right heart dilatation and dysfunction, [IVC enlarge-
ment and impaired respirophasic variation, abnormal HVs/HVd ra-
tio<1, and holosystolic flow reversal.''®

Functional Tricuspid Regurgitation

FTR results from adverse right heart remodeling, leading to TVA
distortion and leaflet tethering, with displacement of the papillary
muscles and chordae tendineae from the center of the coaptation
plane.""” TR severity is intricately linked to RV afterload, however
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the relationship between elevated pulmonary pressures and the de-
gree of TR is complex and multifaceted. With maladaptive remodel-
ing to increased afterload, there is progressive dilation of the RV
chamber to maintain CO, resulting in TVA deformation and FTR.
The increased volume associated with FTR creates a vicious circle,
leading to further dilatation and adverse remodeling of the right heart
chambers. Pressure and volume overload in PH can also lead to IVS
flattening, contributing to TVA dilatation and worsening FTR
severity.'’® Although approximately 60% of patients with PAH
have moderate or severe TR, many with severe PAH may or may
not exhibit significant TR.'?! Different PH etiologies also result in
distinct patterns of remodeling that affect the geometry and function
of the TVA in different ways, thereby influencing the severity of
FTR.2122124 PAH generally leads to more severe FTR compared
with other PH etiologies. In patients with RVSP >70 mm Hg,
worsening FTR is associated with RA enlargement, abnormal TVA
diameter, and increased valve tethering area.'?!125

Assessment of FTR requires a thorough analysis of the anatomy
and structure of the TVA and leaflets. Transthoracic echocardiography
is the preferred initial imaging modality for evaluating right heart anat-
omy and function. When the acoustic window is adequate, transtho-
racic imaging may offer superior imaging of the TV when compared
with TEE due to the anterior positioning of the valve structure. 3DE
acquisition can be performed from standard transthoracic acoustic
windows (parasternal, apical, and subcostal), offering high-
resolution imaging (0.5 mm) of cardiac structures in the y (depth)
and azimuthal (lateral orientation) dimensions. On 3DE, the TV is
best visualized from an axial (cross-sectional) plane, providing an
“en face surgical” view. In the 3D en face display of the TV, the intera-
trial septum is positioned inferiorly (at the 6 o’clock position), irre-
spective of the atrial or ventricular orientation.''® However,
systematic leaflet identification is not always possible, and TEE may
be needed for comprehensive assessment of leaflet and TVA pathol-
ogy, in accordance with the ASE guidelines.’'

The TVA has a complex and dynamic saddle shape that flattens and
dilates with maladaptive remodeling.I 17126 A5 the TVA dilates, it be-
comes more circular, particularly in the direction of the unsupported
lateral and posterior regions. The TVA diameter is measured most
commonly in end-diastole from the RV-focused apical four-chamber
view with a normal cutoff value of =40 mm (21 mm/m? indexed to
BSA). However, current societal recommendations''® are limited by
the assumption of a flat, circular annulus and the lack of standardization
on when measures within the diastole period should be acquired.'?°

Following TVA measurement, the next step in evaluating FTR
severity is the assessment of location and extent of leaflet coaptation.
Normally, TV leaflet coaptation occurs at the TVA level or slightly
below, with 5 to 10 mm of the leaflet edges in contact during systole.
When the coaptation surface decreases in the setting of TVA dilation
or leaflet tethering, coaptation occurs more apically, forming a trian-
gular area between the coapted leaflets and the annular plane.
Current recommendations suggest measuring two parameters to esti-
mate the extent of leaflet tethering: the distance between the leaflet
coaptation point and annular plane (tethering distance) and the
area between the closed leaflet and annular plane (tenting area).
Significant leaflet tethering is defined by tethering distance > 8 mm

and tenting area > 1.6 cm?.''*'?/

Atriofunctional Tricuspid Regurgitation

Isolated AFTR is increasingly recognized as a distinct etiology of TR
given the absence of associated leaflet tethering.''>'?%'2? In AFTR,
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leaflet coaptation occurs at or near the annular plane. The RV will
typically maintain a normal length while dilating at the base in a pro-
cess known as conical remodeling.''” With RA enlargement and
annular dilatation, there is a decrease in leaflet coaptation surface re-
sulting in leaflet malcoaptation and AFTR. The ratio of tricuspid leaflet
area to closure area is a strong indicator of TR severity, reflecting
leaflet adaptation, annular dilatation, and tethering geometry.'?”

AFTR typically occurs in patients with long-standing AF, who are
more often older and female, with a higher RV FAC, a higher LV ejection
fraction, and smaller LV cavity.'* Approximately 25% of patients with
lone AF duration of >10 years will have significant AFTR, of whom 28%
will also have concomitant mitral regurgitation. In general, patients with
AFTR have significantly better long-term survival and lower rates of
mortality and HF hospitalizations compared to those with nonatrial
TR.'?? However, the combination of AF and significant TR is associated
with a poor prognosis, and restoring sinus rhythm may reverse adverse
right heart remodeling and improve clinical outcomes."*° Table 9 dem-
onstrates the key differences between AFTR and FTR.

Tricuspid Regurgitation and Pulmonary Hypertension

The etiology of TR is frequently multifactorial, with primary and sec-
ondary mechanisms often coexisting and interacting to varying de-
grees, ultimately influencing TR severity. For example, the degree of
TVA dilatation may be a stronger determinant of FIR severity than
the amount of leaflet tethering and papillary muscle displacement.'?”
In patients with PH, structural parameters such as TVA, tethering area,
and eccentricity index are more closely associated with FIR severity
than RV systolic function or PASP.'?° However, it is important to note
that the severity of one condition does not reliably predict the severity
of the other, as severe PH can occur in the absence of severe TR, and
conversely, severe TR may develop in the absence of severe PH.
Pathophysiologic variability, along with the timing and progression
of right heart adaptation, can independently influence FIR severity.
Factors such as chamber dilation and dysfunction, TVA involvement,
and leaflet tethering contribute to this process, regardless of pulmo-
nary pressures and severity of PH. Additionally, severely elevated
RV afterload can create a counteracting force that mechanically op-
poses regurgitant flow, promoting leaflet coaptation and potentially
reducing FTR severity'*>'>°._ High RV systolic pressure increases intra-
cavitary forces, which may temporarily improve leaflet apposition
despite underlying annular dilation or tethering. However, the effect
is dynamic and may vary based on loading conditions and disease pro-
gression.'2%1%7

Key Points

e Primary TR results from intrinsic abnormalities affecting the
leaflets, mechanical interference from intracardiac devices,
and congenital or acquired leaflet pathology.

e FIR typically results from adverse right atrioventricular remod-
eling, leading to annular dilatation and leaflet tethering without
primary structural valvular abnormalities.

e The severity of FTR in PH is closely related to the extent of RV
dysfunction, TVA dilation, and the degree of leaflet tethering,
independent of the severity of PH.

e AFIR is a distinct etiology of TR driven predominantly by
annular dilation without tricuspid leaflet tethering. AFTR gener-
ally has a better prognosis compared with FTR.
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Recommendations

1. Comprehensive echocardiographic assessment, using several
2DE imaging planes and 3DE when feasible, is crucial for iden-
tifying the mechanism and severity of TR.

2. Distinguishing the etiology and contribution of adverse right
heart remodeling and abnormalities of the TVA should be
part of standardized reporting.

H. PULMONIC VALVE

The PV is the most superiorly positioned cardiac valve, located ante-
rior and slightly left of the aorta, forming an approximately 30-degree
angle with the aortic trunk. The PV consists of the anterior, left, and
right cusps, which are anatomically thinner than the aortic valve.

Table 9 Mechanisms of FTR
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The left cusp is the closest to the aortic root, the aortic valve, and
the basal LV septum. The anterior and right cusps, located above an-
terolateral free wall, are considered nonseptal cusps. However, there
are several anatomic variants, such as bicuspid or quadricuspid valves.
The PV annulus is a ring-shaped connective tissue structure with a
mean diameter of 20 mm that defines the junction between the distal
RVOT and the MPA trunk. The PV annulus, MPA, and proximal PA
bifurcation are best visualized from the PSAX view at the level of
the aortic valve, and angling upwards. Physiologic trivial or mild PR
is a common and normal finding in healthy individuals.''®
Transthoracic evaluation of PV anatomy may be difficult because
of limited acoustic imaging planes. The optimal views for visualizing
the PV include the subcostal view and the PSAX view at the level
of RVOT. By tilting and rotating the transducer counterclockwise
from the PSAX, the MPA and main left and right branches can also
be visualized from the PA-focused view. By adding color Doppler, it
may be possible to identify branch stenoses and congenital

Atriofunctional Tricuspid Regurgitation

Primary Right Atrial Remodeling remodeling

Functional Tricuspid Regurgitation

Primary Right Ventricular remodeling

AFTR typically results from RA enlargement without leaflet
tethering. Progressive RA dilatation causes the annulus to
become more planar and circular, with greater anteroposterior
than mediolateral dilatation. Normal coaptation occurs at or
just below the annulus, with a 5- to 10-mm coaptation length.
TVA dilatation reduces leaflet coaptation and increases
malcoaptation.

e Tenting = 10 mm

e RV midventricular dimension = 38 mm

e LVEF = 50%

AFTR is commonly associated with long-standing AF, RA > LA
enlargement, and moderate or greater TR.

The sphericity index of the RV is measured from the apical 4Ch view and
is calculated by dividing the longitudinal diameter (a) by the short-axis
diameter (b) in end-diastole. A normal RV sphericity index is
0.49 = 0.11. An increased ratio indicates RV remodeling or dilatation.

RVEl is calculated from the parasternal midventricular short-axis images
and is equal to the ratio of the largest RV width (c) to the midpoint of the
IVS to the RVFW (d). RVEI = c/d and is abnormal if >1. However, by
convention, LVEI is used more commonly than RVEI.

e Tethering height: 5-10 mm

o | eaflet tethering is considered significant if there is a tethering height

>8 mm or a tenting area >1.6 cm

Sphericity index a/b Eccentricity index c/d

A4C, Apical four-chamber; LVEF, LV ejection fraction; RVEI, RV eccentricity index.
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abnormalities such as PS and patent ductus arteriosus. If visualization
of the PV is adequate, biplane imaging and 3DE can identify potential
abnormalities in leaflet morphology and structure. Live 3DE from the
parasternal window is particularly useful for visualizing the PV en face.
Additionally, 3DE biplane imaging formats enables the simultaneous
display of orthogonal 2DE views, enhancing comprehensive
assessment of PV structure and function. TEE may be necessary for
further evaluation of leaflet pathology and annular structure in
patients with suboptimal acoustic windows, following ASE
guidelines.®' Table 9 outlines technical considerations for PV assess-
ment by transthoracic approaches. Echocardiographic methods for as-
sessing the severity of pulmonary insufficiency and stenosis have been
previously described.!'®!3!

Pulmonic Regurgitation and Pulmonary Hypertension

Although rare, primary PR may result from pathologic leaflet abnor-
malities, such as congenital abnormalities, leaflet bowing and
restricted mobility in rheumatic diseases, myxomatous degeneration,
or carcinoid disease. More commonly, PR occurs as an iatrogenic
complication following valvotomy for PS and repaired tetralogy of
Fallot in patients with ACHD. Diagnosing and treating PR in the
ACHD population can be challenging due to the lack of well-
validated echocardiographic methods to assess severity.">

Secondary or functional PR occurs in patients with morphologi-
cally normal PVs. With adverse right heart remodeling, particularly
in PAH, there can be disproportionate dilation of the RVOT and PV
annulus, resulting in functional PR. PR is generally well tolerated until
late in the disease course, when maladaptive chamber remodeling de-
velops, associated clinically with signs and symptoms of right heart
failure. Chronic PR typically causes RV volume overload and dilata-
tion of the right heart chambers and impaired cardiac function. In
contrast to FTR, the severity of PR is closely linked to elevated RV
afterload, resulting from PH and PVD, and contributes to further
adverse remodeling of the right heart.

Key Points

e The PV can be visualized from the PSAX PA-focused view or
the subcostal view.

o Physiologic trivial or mild PR is a normal finding in healthy in-
dividuals. Primary PR results from morphologic abnormalities
of the valve leaflets, while functional PR occurs secondary to
MPA dilatation with or without severe PH.

e Chronic PR leads to volume overload and adverse chamber re-
modeling and dysfunction, and closely linked to the degree and
chronicity of RV afterload elevation.

Recommendation

1. A comprehensive echocardiographic assessment of the PV and
MPA should be performed when there is known or suspected
PV pathology that may be contributing to right heart maladap-
tation in PH.
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I. SCREENING, EARLY DETECTION, PROGNOSTICATION,
AND THERAPEUTIC GUIDANCE IN PULMONARY
HYPERTENSION

Echocardiography in Screening and Early Detection

Early screening and detection of PH and associated adaptive right
heart changes can prevent disease and lessen adverse clinical out-
comes. The widespread availability and noninvasive characteristics
of echocardiography facilitate early PH identification, enabling timely
diagnosis and intervention. Table 7 illustrates specific medical and ge-
netic conditions that contribute to the onset of PH.? Due to the heter-
ogenous nature of right heart adaptation to PH and varying subtypes,
comprehensive echocardiographic assessment is essential for effec-
tive screening and noninvasive phenotyping and should integrate he-
modynamic findings with detailed evaluation of chamber remodeling
and contractile function.”®

Table 10 demonstrates key recommendations for PH screening,
which include evaluation of right heart structure and function, noninva-
sive hemodynamic estimation, and identification of significant pericar-
dial effusions. A resting TR velocity value =2.9 or = 2.8 m/s with at
least two adjunctive echocardiographic signs suggests PH and warrants
further evaluation.” Additional echocardiographic signs that may be
present in precapillary PH include dilatation of the right heart cham-
bers, RVH, short AccT, elevated PAEDP, and abnormal LVEL"?
Including STE in screening echocardiographic examinations can also
enhance the detection of subtle RV dysfunction not apparent by con-
ventional metrics alone, improving the early identification of emerging
PH."*13> Although bicycle stress echocardiography is not currently
recommended as a screening tool,'”* some studies suggest that it
may be useful to unmask subclinical PH and abnormalities in contrac-
tile reserve in at-risk populations, such as patients with systemic scle-
rosis''2 or heritable causes of PH.">® Patients with a high suspicion of
PH on the basis of screening echocardiography, even in the absence
of risk factors, should be referred for diagnostic RHC for definitive he-
modynamic confirmation of PH status.

Key Points

e Echocardiography is the first-line noninvasive screening tool for
PH by estimating hemodynamics, assessing right heart size and
function, and detecting associated cardiac abnormalities. Addi-
tionally, distinct echocardiographic characteristics may indicate
specific PH phenotypes.

e A resting TR velocity value =2.9 or =2.8 m/s with at least two
adjunctive echocardiographic signs suggests PH.

e Bicycle stress echocardiography may be a useful tool for early
detection of subclinical PH and exertional abnormalities in pul-
monary pressures and RV contractile reserve.

Echocardiography in Prognostication

Recent studies underscore the prognostic importance of right heart
performance across the spectrum of PVD and PH across underlying
disease etiologies. The association of echocardiographic measures
with clinical outcomes is influenced by many factors including age,
sex, the presence of concomitant cardiovascular disease, and PH dis-
ease duration, etiology, and severity.
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Table 10 Recommendations for key echocardiographic imaging parameters

Screening for PH

Established PH

At a minimum, screening PH echocardiography should include
Hemodynamics
o Peak TRV
e RVSP
e LV E/e' ratio
Structure
o Left atrial volume index
e RA area and/or volume index
e RV basal dimension: if abnormal, complete RV chamber
assessment including quantification and grading of size (mild,
moderate, severely dilated), presence or absence of septal
flattening (diastole only suggestive of volume overload vs systole
and diastole suggestive of pressure and volume overload)
Function
e LV egjection fraction (biplane from apical 4Ch, 2Ch)
e RV systolic function (TAPSE, TDI, RVFWS?): if abnormal and/or
there is evidence of RV structural abnormality such as dilation and
presence of apical traction, calculate FAC
Valves
o Comprehensive assessment of = moderate regurgitant lesions
(mitral, tricuspid, aortic), aortic and mitral stenosis
Other
e Presence/absence of any pericardial effusion and if present,
size and location in end-diastole, signs of cardiac tamponade

At a minimum, established PH echocardiography should include
Hemodynamics
e Peak TRV
e RVSP with RAP and compare with prior
e LV E/€ ratio for group 2 PH or mixed pre- and postcapillary PH
Structure
e RA area and/or volume index
e RV basal dimension: if abnormal, complete RV chamber
assessment including quantification and grading of size (mild,
moderate, severely dilated), presence or absence of septal
flattening (diastole only suggestive of volume overload vs systole
and diastole suggestive of pressure and volume overload)
e RV volumes using 3DE if feasible
Function
e LV ejection fraction (biplane from 4Ch, 2Ch)
e RV systolic function (TAPSE, TDI, FAC, RVFWS®): if abnormal
and/or there is evidence of RV structural abnormality such as
dilation and presence of apical traction, calculate FAC
Valves
e Change in valvular severity from prior (regurgitant lesions
[mitral, tricuspid, aortic], aortic and mitral stenosis)
e For FTR, evaluation of etiologies, presence of malcoaptation,
presence of leaflet tethering, quantitative measures (annular size,
tethering distance and length), presence of HVs reversal
Other
e Presence/absence of moderate or greater pericardial effusion
and if present, size and location in end-diastole, signs of cardiac
tamponade

2Ch, Two-chamber; 4Ch, four-chamber; TRV, TR velocity.

PH screening and established PH echocardiograms should trigger comprehensive visualization, quantification, and assessment of the right heart
chambers. When available, trained sonographers and echocardiologists should standardize image acquisition and interpretation, with consistent

reporting using echocardiographic features above.

*RVFWS requires dedicated software either on the ultrasound machine and acquired at the time of image acquisition and/or dedicated offline an-
alytic software, in addition to adequate visualization of the RVFW throughout the cardiac cycle.

Echo-derived hemodynamics are crucial for prognosticating PH,
with multiple studies linking abnormal pulmonary pressures to adverse
clinical outcomes. However, previous research often included patients
with prevalent PH, variable degrees of right heart remodeling, signifi-
cant valve disease, and frequently lacked invasive validation.
Ad(ditionally, measures such as mPAP, RVSP, and PASP are influenced
by CO, PCWP, and PVR, which limits their specificity as indicators of
PVD severity when compared to PVR. While these findings highlight
that no single hemodynamic parameter can accurately prognosticate
PH, the grade of TR alone, and in combination with other echocardio-
graphic parameters may enhance diagnostic accuracy.®” *?

Several studies have evaluated the clinical impact of RV diastolic
dysfunction in PH, including the presence of diastolic dysfunction,
elevated tricuspid E/e’ values, and abnormal filling patterns. RV
diastolic dysfunction correlates with diminished functional capacity
in PH and is predictive of morbidity and mortality across pre- and
postcapillary forms.5>°%!49 RV diastolic filling patterns also reflect
therapeutic responsiveness and can improve acutely with institution
of PAH-directed therapies.”® Although tricuspid E/e’ ratio has a
reasonable relationship to RAP on a population level, its prognostic
value at the individual level is limited, particularly in patients with
atrial arrhythmias or TV disease.’”'*! Additionally, the tricuspid
E/¢’ ratio has not been validated across a wide range of RAP values.

Pericardial effusions in PH indicate advanced disease and poor
prognosis, often resulting from elevated RAP and right heart failure,
leading to increased systemic venous pressure and fluid accumulation
in the pericardial space. The presence of a pericardial effusion is incor-
porated into prognostic scores for PH, reflecting the strong association
with disease progression and adverse clinical outcomes.'**

Echocardiographic metrics of right heart adaptation provide
notable prognostic insights in PH. A recent meta-analysis demon-
strated that both RA area and area indexed to BSA predict morbidity
and in PH, with each 1-cm? increase conferring a 6% increased risk.*
STE-derived RA strain can also provide insights into RV end-diastolic
pressures and adverse remodeling*® while demonstrating indepen-
dent predictive value in precapillary PH.>® RA strain, although a valu-
able marker of right heart performance,° is limited by the absence of
standardized reference values and significant variability, even in
healthy populations.* *> The RA plays a pivotal role as a key
indicator of RV diastolic function, offering insights into chronic
pressure-volume changes and the adaptive ventricular response.
The presence of RV diastolic dysfunction carries substantial clinical
implications in PH, serving as a predictor of morbidity and mortality
in both precapillary and postcapillary PH.>>2¢

In PAH, thresholds such as end-diastolic RV basal
dimension > 5.5 c¢m, midventricular dimension > 5.0 ¢cm, indexed
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RVEDA >21 cm?/m?, and indexed RVESA > 17 cm?/m? are associ-
ated with reduced 1-year survival.'*> Multiple studies have under-
scored the importance of RV functional measures, including TAPSE,
TDI §' velocity, RV MPI, and RV FAC, for prognosticating PH by as-
sessing and quantifying the degree of right heart adaptation. STE-
derived measures of RV function may reduce the angle dependency
seen with conventional metrics, such as TDI S’ velocity and TAPSE.
Further, STE parameters are predictive of morbidity, mortality, and
therapeutic response across both pre- and postcapillary PH sub-
types.** 147 A RVFWS value less than—13.5% is associated with
increased mortality in PAH.®”'*® However, across both pre- and post-
capillary PH, even an RVFWS greater than—20% (i.e., less negative) is
linked to increased mortality, underscoring the prognostic value of
RVFWS across various forms of PH.®”

Newer modalities such as 3DE-derived RV volumes and RVEF
may enhance prognostic capability in PH by improving visualization
of the right heart, reducing the geometric assumptions inherent to
2DE techniques, and increasing precision in volumetric measure-
ments.'>?7122"12% Regardless of the specific echocardiographic
parameter used, serial changes in these parameters improves
predictive capacity compared with a single assessment.>>1°0 152

Integrative echocardiographic measures that assess RV contractile
response to variable afterloads may serve as stronger predictors of
adverse events than any single measure of right heart function or he-
modynamics. Various echocardiographic parameters for approxi-
mating RV-PA coupling have been proposed, with some studies
indicating that FAC/PASP and RVFWS/PASP may outperform the
predictive value of TAPSE/PASP.>%>?¢%70 The ESC/ERS guidelines
recommend a TAPSE/PASP <0.36 mm/mm Hg as suggestive of
PH, with a ratio of <0.19 mm/mm Hg indicating a 1-year mortality
risk of >20%.>> Across pre- and postcapillary PH, even a mildly
reduced TAPSE/PASP ratio is associated with a 37% higher mortality
risk.°” Other important metrics associated with increased 1-year mor-
tality included in the ERS/ESC guidelines include RA area > 26 cm?
and the presence of a moderate pericardial effusion.

Key Points

e Although echocardiographic measures of right heart chamber
size, function, and hemodynamics may predict morbidity and
mortality across WSPH classifications, no single measure alone
can fully prognosticate outcomes.

e Integrative indices of RV-PA coupling such as TAPSE/PASP
offer enhanced prediction of adverse clinical events in PH by

reflecting abnormal contractile response to increased afterload.

Echocardiography in Guiding Therapy

Abnormal right heart imaging parameters should prompt invasive he-
modynamic assessment and therapeutic institution or escalation. The
ESC/ERS guidelines recommend classifying PH into low-, intermedi-
ate-, and high-probability categories at diagnosis and follow-up.” Risk
stratification combines clinical, functional, cardiac performance and he-
modynamic parameters to guide therapy or treatment escalation if
there is poor therapeutic response. Echocardiography is a key feature
of many of these risk scores, incorporating assessments of RA size,
RV function, noninvasive hemodynamic estimates, and the presence
of pericardial effusion. Recent studies have also defined the minimal
detectable difference in right heart metrics in PAH to quantify thera-
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peutic response.m&lsg Although improvement in imaging parameters
is a key goal of targeted therapies, trends over time are more clinically
relevant than any single measurement. Echocardiography is typically
performed annually although may be appropriate at more frequent in-
tervals when initiating or titrating treatments.'*> Table 10 demonstrates
key echocardiographic parameters recommended for patients with es-
tablished PH.

Key Point

e Echocardiographic metrics of right heart chamber size and
function are integral to PH classification and severity grading,
guiding risk stratification, and monitoring treatment response.

Use of Additional Imaging Techniques

The diagnostic classification of PH is enhanced by multimodality car-
diac imaging, with each technique providing unique insights for a
comprehensive assessment of underlying etiologies.'>>'>*

CMR has emerged as the gold standard for the assessment of right
heart structure and function due to excellent spatial and temporal res-
olution, flexible imaging planes with freedom from acoustic windows,
and signal-to-noise ratio without exposure to harmful ionizing radia-
tion.””> The standard CMR data set allows the assessment of
chamber-level volumes, function, SV, ventricular mass, myocardial
perfusion, and valvular and vascular flow in a single examination.
CMR imaging is valuable for assessing PH associated with congenital
heart disease'*® infiltrative cardiomyopathies, and autoimmune
diseases.”>>">*!>” In PH, SV deterioration and increased RV chamber
dimensions may be observed before clinically apparent right heart
failure.® Diminished RV perfusion, dilation of the MPA, and adverse
right heart remodeling can be seen on CMR in PAH and correlate
with hemodynamic severity, although assessment of RVWT and de-
layed enhancement may be challenging because of partial volume ef-
fects.”>* When monitoring treatment response to PH therapies,
longitudinal CMR-derived volumetric measurements of the right
heart chambers serve as a key therapeutic target because of high
reproducibility and low interobserver variability. CMR is also an effec-
tive modality for myocardial tissue characterization, providing
detailed insights into structural abnormalities in myocardial composi-
tion through the administration of gadolinium. In PH, late gadolinium
enhancement at the RV insertion points into the left ventricle suggest
tissue fibrosis and myocardial stress due to increased pressure.'>*'>°
The degree of late gadolinium enhancement can predict time to clin-
ical worsening in PH'>® but does not predict mortality.">”

Chest CT is a standard component in the diagnostic workup for PH
and offers several key benefits, including the evaluation of interstitial
and parenchymal lung disease, quantification of pulmonary fibrosis,
and detection of adverse pulmonary vascular remodeling. Chest CT
also allows for precise MPA measurements, which compared with
ascending aorta diameter correlates with PH severity.>* Dual-energy
CT is a recent advancement that provides CT angiographic images
of the pulmonary vasculature at two different energy levels after
the administration of iodine-based contrast.**!>* The pulmonary
vasculature is more clearly visualized due to differences in attenuation
properities, facilitating the diagnosis and evaluation of chronic throm-
boembolic PH and potentially serving as an alternative to ventilation/
perfusion scanning. Recent advances in computational and machine
learning algorithms have been used to identify pulmonary vascular
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Figure 5 Echocardiographic diagnostic algorithm for screening patients with suspected PH. An echocardiographic algorithm s provided
for patients with PVD at risk for or with suspected PH. ASD, Atrial septal defect; HF, heart failure; PAP, pulmonary artery pressure; PHTN,
pulmonary hypertension; RAE, RA enlargement; RH, right heart; TOF, tetralogy of Fallot; vel, velocity; VSD, ventricular septal defect.

morphologic features on CT, revealing distal pruning of the small PAs
in patients with PAH.">*

Positron emission tomography (PET) has an emerging role in the
evaluation of PH. The most widely used PET tracer is 2-deoxy-2-
['8F] fluorodeoxyglucose (FDG), which is used to measure glucose
metabolism and abnormalities in cellular activity. In PH, cellular meta-
bolism shifts from predominately fatty acid oxidation to increased
glycolysis, serving as a compensatory adaptive mechanism to meet
the heightened energy demands from increased afterload.®
Through the detection of myocyte glycolysis, increased FDG uptake
can be seen in the RV in patients with PH and is associated with he-
modynamic severity, time to clinical deterioration, and death.'®°
Quantifying the degree of FDG uptake serves as a valuable therapeu-
tic end point by assessing treatment efficacy in PH and tailoring man-
agement strategies on the basis of metabolic response.'®!

Given the ability to integrate anatomic, functional, and metabolic
data, there is increased utility of hybrid imaging in PH to refine diag-
nostic accuracy and therapeutic monitoring.**'*>!'>* The two most
commonly used hybrid imaging techniques in PH are CMR/PET
and PET/CT. Simultaneous CMR/PET allows molecular imaging of
impaired myocardial glycolysis and simultaneous structural imaging
of the right heart. Increased FDG uptake within the RV myocardium
and decreased CMR-derived RVEF can identify patients with PAH at
greatest risk for clinical deterioration or death.'®> PET/CT is not
commonly used in routine clinical practice for evaluation of PH
because of cost and availability, however is an area of active investiga-
tion. PET/CT may be valuable for identifying vascular inflammation
and assessing impaired coronary flow reserve, which may elucidate

the underlying mechanisms contributing to PH in select popula-
tions, 134135/154

Key Points

e Although echocardiography is the primary remains the primary
tool for screening, prognostication, and monitoring of thera-
peutic response in PH, multimodality cardiac imaging provides
important adjunctive value in diagnostic classification and
investigation of underlying etiologies.

J. FUTURE DIRECTIONS

Despite advances in PH-directed therapies through improved
screening and early detection, PH is associated with unacceptably
high morbidity and mortality. Echocardiographic assessment of right
heart morphology and function provides crucial prognostic informa-
tion, reinforcing its role as a key clinical tool. Emerging clinical tech-
niques such as 3DE and STE offer comprehensive quantification of
chamber-level systolic and diastolic function, refined valvular assess-
ment, and established age- and sex-specific thresholds across diverse
populations. Integrating these methodologies into routine clinical
evaluation enhances diagnostic accuracy and enables tailored man-
agement strategies. However, an upfront multimodal approach in
PH is limited by cost, availability, and the complexity of integrating
diverse imaging metrics into a cohesive diagnostic and prognostic
framework.

Moreover, no single parameter comprehensively reflects right
heart function across the spectrum of PVD. Future research should
prioritize optimizing relevant echocardiographic data, emphasizing
quantitative measurements and leveraging automated software pack-
ages. There is an urgent need to identify the most effective
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echocardiographic variables using machine learning and artificial in-
telligence to enhance risk stratification. A personalized approach
that focuses on key variables and incorporates a “right heart compos-
ite score” could improve risk stratification by addressing individual
variability in right heart adaptation and identifying intermediate-risk
groups. Ultimately, an integrated multiparametric approach
combining detailed assessments of right heart structure, function,
and cardiopulmonary hemodynamics is likely to be more effective
for diagnosing and prognosticating PH than any single echocardio-
graphic feature. Figure 5 presents a high-yield and clinically applicable
diagnostic algorithm for PH.
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SUPPLEMENTAL APPENDIX

We systematically searched PubMed to identify published studies that
reported right-sided echocardiographic parameters in a cohort or a
subgroup of healthy men or women = 18 years of age with no known
cardiovascular disease or significant acute or chronic comorbidity (as
defined in the various studies). We extracted study-level data, notably,
the mean and SD of each echocardiographic parameter, as well as the
number of men and women studied. These study-level data are pub-
licly available at https://bit.ly/3]Y51X3. We used a Bayesian hierarchi-
cal model to derive the pooled mean and the pooled SD values for
each echocardiographic parameter. These pooled mean and SD
values were then used to determine the lower reference value
(mean — 1.96 SDs), upper reference value (mean + 1.96 SDs), mod-
erate cutoff value (mean = 3 SDs), and severe cutoff value (mean * 4
SDs). For each statistic, we computed the posterior median and 95%
equal-tailed credible interval. Our model was stratified by measure-
ment technique when relevant differences were expected. The num-
ber of studies reporting values separately in men and women was
insufficient to reliably stratify our meta-analysis by sex. We used a
Python codebase with the JAGS package (https://github.com/
tmiasko/pyjags) to perform the meta-analysis.
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