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Abstract: Transthoracic echocardiography (TTE) is the most accessible noninvasive diagnostic procedure for the initial assessment of
pediatric pulmonary hypertension (PH). This review focuses on principles and use of TTE to determine morphologic and functional
parameters that are also useful for follow-up investigations in pediatric PH patients. A basic echocardiographic study of a patient with PH
commonly includes the hemodynamic calculation of the systolic pulmonary artery pressure (PAP), the mean and diastolic PAP, the
pulmonary artery acceleration time, and the presence of a pericardial effusion. A more detailed TTE investigation of the right ventricle (RV)
includes assessment of its size and function. RV function can be evaluated by RV longitudinal systolic performance (e.g., tricuspid annular
plane systolic excursion), the tricuspid regurgitation velocity/right ventricular outflow tract velocity time integral ratio, the fractional area
change, tissue Doppler imaging-derived parameters, strain measurements, the systolic-to-diastolic duration ratio, the myocardial perfor-
mance (Tei) index, the RV/left ventricle (LV) diameter ratio, the LV eccentricity index, determination of an enlarged right atrium and RV
size, and RV volume determination by 3-dimensional echocardiography. Here, we discuss the potential use and limitations of TTE
techniques in children with PH and/or ventricular dysfunction. We suggest a protocol for TTE assessment of PH and myocardial function
that helps to identify PH patients and their response to pharmacotherapy. The outlined protocol focuses on the detailed assessment of the

hypertensive RV; RV-LV crosstalk must be analyzed separately in the evaluation of different pathologies that account for pediatric PH.
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Pulmonary hypertension (PH) is a rare disease of the cardiopulmo-
nary system that can be diagnosed at any age. PH can occur either
as an idiopathic disease process (iPH) or secondary to other disease
processes. Early evidence for the epidemiology of PH originated
from adult registries; however, several newer pediatric international
registries have contributed to our understanding of the disease in
children as well.' Pediatric PH can be associated with a variety of
underlying conditions, including congenital heart disease (CHD),
connective-tissue disorders, pulmonary disease, and endocrine, met-
abolic, and infectious diseases such as HIV. PH is usually progressive
from infancy to adulthood and associated with poor prognosis.* The
recent World Symposium on Pulmonary Hypertension updated the
clinical classification of PH to include several features related to pe-
diatric PH.® In children, pulmonary arterial hypertension (PAH;
ie, group 1 PAH of the Nice classification of 2013°) is usually a
severe, refractory, and lifelong disease. An international registry
showed that about 57% of children had iPH, a proportion similar
to that observed in adults.*” PH associated with CHD (PH-CHD)
is more frequent in children (36%) than in adults (10%),* while

other associated forms are uncommon in children.® For the initial
assessment and follow-up of children with suspected or confirmed
PH, transthoracic echocardiography (TTE) is the noninvasive diag-
nostic method of choice.>”'! TTE allows a detailed description of
cardiovascular anatomy, ventricular function, and flow determina-
tion and carries low risk and wider availability, compared with
cardiac magnetic resonance imaging (MRI). The diagnostic accu-
racy for describing cardiac morphology is high, with a reported in-
cidence of less than 100 errors in more than 50,000 echocardio-
grams.12 With TTE,'* and MRI as well,'* the effects of growth (e.g.,
changes of age-dependent normal reference values) must be ac-
counted for in the interpretation of different variables. Many func-
tional variables were developed and validated for the assessment of
the normal left ventricle (LV). However, normal right ventricle
(RV) hemodynamic function is physiologically distinct from that of
the LV, including differences in fiber arrangemen‘[,15 lower RV af-
terload, and lower RV pressures, compared to the LV.

Here, we review the principles and applications of TTE in pa-
tients with PH. The pathophysiology of PH includes abnormal pres-
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sure elevation in the RV, leading to flattening of the interventricular
septum, with the LV appearing D-shaped. The LV has reduced sys-
tolic and diastolic volumes but usually preserved global systolic func-
tion.'® Although not the focus of this review, evaluation of the left
heart, including LV systolic function (LV ejection fraction [EF], frac-
tional shortening), longitudinal systolic LV function (mitral annular
plane systolic excursion), and inflow and outflow Doppler of all
valves, should be an integral part of the echocardiographic assess-
ment of PH, to assess detrimental RV-LV interactions.!” After the
initial diagnostic evaluation for PAH, TTEs are usually performed at
6-12-month intervals and when there is a clinical change. TTE as-
sessment of RV function is commonly known to be technically diffi-
cult in both children and adults. The anterior position of the RV in
the chest limits TTE visualization. Moreover, the RV has a complex
geometry, with a triangular shape in the sagittal plane and a more
crescent shape in the coronal plane. The RV inflow and outflow
tracts are difficult to image simultaneously with 2-dimensional (2D)
and Doppler echocardiography. In the standard apical 4-chamber
view, the RV is usually smaller than the LV. To optimize imaging
of the RV lateral wall, the 4-chamber image may have to be modi-
fied. RV dimensions are best estimated from an RV-focused apical
4-chamber view,'® although M-mode and 2D measurements of RV
end-diastolic dimensions toward the outflow can be made in the
parasternal views. From the apical position, to avoid underestimat-
ing the minor distance of the RV, the transducer is rotated right-
ward until the maximum diameter is obtained. To avoid overesti-
mation, the transducer should be positioned over the cardiac apex,
with the plane through the mid-LV. Care should be taken to obtain
the maximum RV diameter without foreshortening the image. This
can be accomplished by ensuring that the crux and apex of the
heart are both visible. As part of its guidelines on chamber quantifi-
cation, the American Society of Echocardiography (ASE) published
recommendations for RV assessment in adults.'® Practical recom-
mendations and a proposed protocol on the use of TTE variables to
assess PH are available for the adult population.”'*?® An echocar-
diographic study of a child with a suspected PH should include the
assessment of the following variables: estimation of the systolic
pulmonary artery pressure (PAP), by estimating right ventricular
systolic pressure (RVSP) through the measurement of the maximal
velocity of the tricuspid regurgitation (TR) jet by continuous-wave
(CW) Doppler; estimation of mean PAP and end-diastolic PAP
through CW Doppler velocity measurement of the pulmonary re-
gurgitation (PR) jet in the parasternal short-axis (PSAX) view; RV
longitudinal systolic function determination; RV strain and strain
rate measurements; RV volume determination by 3-dimensional
(3D) echocardiography; measurement of the RV systolic-to-diastolic
duration ratio; determination of tissue Doppler velocities; measure-
ment of the RV/LV diameter ratio and eccentricity index; and deter-
mination of the pulmonary artery (PA) acceleration time. The pres-
ence of a persistent ductus arteriosus (PDA) should be carefully
evaluated in each child with PH so that the immediate or long-term
option of PDA stenting in advanced pediatric pulmonary hyper-
tensive vascular disease with near-systemic PAP is not missed (e.g.,

an “interventional ductal Potts shunt” procedure®*??).

However, interpretation of pediatric values is dependent on age
and cardiac growth. Current pediatric recommendations will assist
with this matter, although age- or body dimension-corrected z-scores
are still lacking for many parameters.” Although recent studies sup-
ported the potential value of echocardiography as a tool in guiding

management in children with PH***

there is still a knowledge gap in
recommended use of TTE in pediatric PH patients.

Nevertheless, we aim to propose a pediatric imaging protocol
for use of TTE for the initial diagnosis, follow-up, and treatment
assessment of children with PH; a TTE study of a child with a
suspected PH should include the assessment of all the variables
shown in Table 1. The TTE variables, as well as their advantages

and disadvantages, are shown in Tables 2 and 3.

HEMODYNAMIC ASSESSMENT OF THE RV
Estimation of PAP

Systolic PAP. The estimation of the systolic PAP (sPAP) is
based on the peak velocity of the TR jet (TRV). The simplified
Bernoulli equation using CW Doppler to assess the TRV (peak pres-
sure; RVSP = sPAP = 4 x (TRV)? + RA v-wave ~ 4 x (TRV)® +
mean RAP, where RA is right atrium and RAP is right atrial pres-
sure) describes the relationship of TR and RVSP as a surrogate of
sPAP in the absence of RV outflow tract (RVOT) obstruction, pul-
monary valve stenosis, or PA stenosis. Other formulas, such as the
linear regression-derived sPAP = 1.07 x (4TRV + RAP) + 74,

Table 1. TTE protocol in pediatric PH

Variables to be assessed

Estimation of the systolic PAP, through the TR jet velocity
by CW Doppler

Estimation of mean PAP and end-diastolic PAP through CW
Doppler of the PR jet

Pulmonary artery acceleration time (PAAT)

RV longitudinal systolic function (e.g., TAPSE)

RV fractional area change

RV strain and strain rate measurements

RV systolic to diastolic duration ratio by CW Doppler of the
TR jet

Tissue Doppler velocities (e.g., S")

RV myocardial performance (Tei) index

RV/LV diameter ratio

Left ventricular eccentricity index (LV EI)

RV and RA enlargement

Note: TTE alone is not sufficient to initiate a targeted therapy.
CW: continuous-wave; LV: left ventricle; PAP: pulmonary artery
pressure; PH: pulmonary hypertension; PR: pulmonary regurgita-
tion; RA: right atrium; RV: right ventricle; S": peak systolic velocity;
TAPSE: tricuspid annular plane systolic excursion; TR: tricuspid re-
gurgitation; TTE: transthoracic echocardiography; 3D: 3-dimensional.
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Table 2. Echocardiographic variables in suspected or confirmed pediatric PH
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Variables Interpretation Initial Follow-up
Systolic PAP (sPAP), mmHg Bernoulli equation (dP = 4 x TRV?); TRV used to estimate sPAP; Yes Yes
sPAP > 50 mmHg at rest makes PH highly likely in adults
Mean PAP (mPAP), mmHg Estimated mPAP = maximum PR velocity + mean RAP; pediatric PH Yes Yes
defined as mPAP > 25 mmHg and PVRi > 3.0 WU m*
Diastolic PAP (dPAP), mmHg Estimated dPAP = minimal (end-diastolic) PR velocity + mRAP; dPAP Yes Yes
is independent of RV stroke volume
PAAT, ms PAAT < 100 ms: high probability of PH in adults Yes Yes
TAPSE, mm Decreased in advanced PH with RV dysfunction in children Yes Yes
RV FAC, % Impaired RV FAC = decreased systolic RV function in adults Probably Probably
Strain, %; SR, s PH patients may have impaired longitudinal strain and strain rate at the If available If available
RV free wall; strain and SR are frequently altered in severe PH
S/D ratio Ratio > 1.4 inversely correlates with survival in children with PH Yes Probably
TDI (§'), cm/s Decreased in advanced adult and pediatric PH; impaired S’ (measured in Yes Yes
TDI, lateral RV wall) predicts adverse outcome
Tei index Increased index predicts RV dysfunction in pediatric PH Yes Probably
RV/LV ratio RV/LV ratio > 1 = increased adverse-event risk in pediatric PH Yes Yes
LV EI LV EI > 1 in adult PH-impaired RVx of the pressure-loaded RV Yes Yes
RV/RA dilation RV and RA area increase in adult PH; pediatric data missing Yes Yes

Note: dP: pressure gradient; EI: eccentricity index; FAC: fractional area change; LV: left ventricle; PAAT: pulmonary artery acceleration
time; PAP: pulmonary artery pressure; PH: pulmonary hypertension; PR: pulmonary regurgitation; PVRi: pulmonary vascular resistance index;
RA: right atrium; RAP: right atrial pressure; RV: right ventricle; RVx: right ventricular function; §": peak systolic velocity; S/D ratio: systolic/
diastolic duration ratio; SR: strain rate; TAPSE: tricuspid annular plane systolic excursion; TDI: tissue Doppler imaging; TR: tricuspid

regurgitation; TRV: TR jet velocity; WU: Wood units.

could also be reliable when estimating echocardiographically deter-
mined sPAP in PH patients.”® The RAP can be estimated on the
basis of the diameter and respiratory variation of the inferior vena
cava (IVC), although in pediatric clinical practice a value from 5 to
10 mmHg is mostly assumed. Usually, TRV values in adults above
3.4 m/s, corresponding to an sPAP > 50 mmHg at rest, indicate PH
in adults with relatively high degree of certainty.

A limitation is that in cases with moderate to severe TR, the
RVSP may be underestimated. Underestimation of the RVSP and
therefore the sSPAP may also occur because of a suboptimal Doppler
insonation angle or an inadequate Doppler spectral envelope. Over-
estimation may occur because of measurement outside the modal
velocity of the spectral envelope, overgaining the Doppler signal, or
if pulmonary valve stenosis is present. In the presence of a ventric-
ular septal defect with LV-to-RA shunts, sonographers should be
careful to not misinterpret the LV-to-RA jet as a TR signal. Fig-
ure la demonstrates an example of increased TR jet velocity suggest-
ing increased sPAP.

Mean PAP and diastolic PAP. If PR is measured with CW
Doppler, then mean and disatolic PAP (mPAP and dPAP, respec-
tively) can be estimated from the maximum (early-diastolic) and
minimum (end-diastolic) PR velocity (PRV), respectively, with the
simplified Bernoulli equation (mPAP = 4 x (maximum diastolic

PRV)? + RA v-wave = 4 x (PRV)? + mean RAP; dPAP = 4 x (max-
imum diastolic PRV)? + RA v-wave = 4 x (minimum end-diastolic
PRV)? + mRAP).”’ This enhances Doppler estimation of PAP and
thus diagnosis of potential PAH, applying the accepted definition of
pediatric PAH as mPAP > 25 mmHg with a pulmonary vascular
resistance (PVR) index > 3.0 Wood units m* for biventricular cir-
culations.®® The mPAP and dPAP can be estimated, using CW
Doppler of the PR jet in the PSAX view, by measurement of the
peak and minimal diastolic velocities. Mean PAP and dPAP are not
routinely used in the diagnosis and follow-up of pediatric PAH but
may be useful when TR tracing is unreliable. Figure 1b shows an
increased peak velocity of the PR jet and an increased end-diastolic
velocity, showing an increased mPAP and dPAP. The mPAP is
calculated as the PR gradient, with a markedly increased value of
48 mmHg compared to normal values (<25 mmHg). The pulmonary
capillary wedge pressure (PCWP) can be estimated via the Nagueh
formula (E/e’) where e’ is the average tissue Doppler imaging veloc-
ity of E' lateral and E’ septum. Thus, the mean transpulmonary gradi-
ent can be estimated by determining the difference between mPAP
estimated by PR jet (i.e., early-diastolic maximum velocity + mRAP)
and the PCWP estimated by the Nagueh formula (E/e N2

A limitation of mPAP and dPAP estimations is that TR and PR
velocities must be sampled from multiple views to assure the best
envelope and maximal velocity. An overestimation of the RAP and
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Table 3. Echocardiographic variables: advantages and disadvantages

Variable Main advantages

Main disadvantages

Systolic PAP (sPAP)
prognostic value for PH

Mean PAP At times better angle via PR than via TR

Diastolic PAP Independent of RV systolic function

PAAT Can be measured in most of the patients; PH likely
if PAAT < 100 ms

PE Sign of heart failure

TAPSE Easily to perform; impaired RV function at values

<2 SD of age-related values
FAC Decreased FAC = impaired RV function

Strain, strain rate

(<—12.5%) = greater PH severity

S/D ratio PH likely if S/D duration ratio > 1.4

TDI (S") Easy to perform; decreased in adult and in pediatric PH
patients

Tei index A combined ventricular-vascular index and independent
of ventricular geometry

RV/LV ratio Easily obtained in the clinical setting; PH likely if ratio > 1

LV EI Adverse outcome in adult PH if LV EI > 1

RV/RA measures Commonly used and simple; allows to indicate

RV/RA enlargement

Easily to perform; is known to be of significant

Regional deformation provides information on regional
myocardial dysfunction; impaired RV longitudinal strain

Depends of angle of CW Doppler interrogation;
sPAP may be under/overestimated (severe TR)

PR required for PR velocity measurements
PR required for PR velocity measurements

Possible pulmonary valve artifacts; heart rate—
dependent measure

No pediatric data available

Does not take into account segmental or radial
RV function and contractility

High inter- and intraobserver variability

Relatively low temporal resolution that hinders
tracking in the presence of high heart rates; strain
and strain rate require a significant amount of
postprocessing time

Requires presence of defined TR onset/end

Variability with different loading conditions,
assessment of motion in a single dimension

Systolic and diastolic time interval in a single index,
no distinction between systolic/diastolic
dysfunction

Cannot be used in PH patients with significant left-
to-right shunt lesions

Off-axis images; maybe artificially flattened septum

Normative values in children only for RV, not RA;
interatrial septal bowing may have an influence

Note: CW: continuous-wave; EI: eccentricity index; FAC: fractional area change; LV: left ventricle; PAAT: pulmonary artery acceleration
time; PAP: pulmonary artery pressure; PE: pericardial effusion; PH: pulmonary hypertension; PR: pulmonary regurgitation; RA: right atrium;
RV: right ventricle; S/D ratio: systolic/diastolic duration ratio; §', peak systolic velocity; TAPSE: tricuspid annular plane systolic excursion;

TDI: tissue Doppler imaging; TR: tricuspid regurgitation.

the use of inadequate Doppler signals were also identified as fre-
quent pitfalls in TTE that lead to incorrect assumption of PAP
values.*

PA acceleration time

PA acceleration time (PAAT) is the interval in milliseconds from
the onset of ejection to the peak flow velocity and can be used for
assessment of PVR.>' The forward flow velocity profile, obtained in
the PA just distal to the pulmonary valve, is used to obtain the
PAAT.?' In adults at risk for PAH, a PAAT of less than 100 ms
indicates a high probability of increased PAP.>> A PAAT > 100 ms
suggests that there is no PAH, whereas a PAAT < 100 ms would
increase the likelihood that PAH is present. The normal pulsed-
wave (PW) Doppler profile in the RVOT is smooth, parabolic, and
without “notching” of the Doppler envelope. A notch is associated
with increased PVR among a cohort of adults with PAH.* In chil-
dren, a PAAT > 120 ms was described to distinguish between PAH
patients and healthy controls.>* Figure 2 shows a short PAAT in a
9-year-old patient with PAH. For correct interpretation of PAAT,

correct placement of the cursor in the middle of the PA and accu-
rate alignment along the PA long axis are essential.

Even when a TR signal is lacking, PAAT measurement is possi-
ble in 99% of patients, thereby providing an alternative estimation
of PVR in adults.®® The PAAT can also provide useful information
that aids in the accuracy of PH diagnosis. Limitations of this method
are that, in patients with left-to-right shunts, the PAAT should be
interpreted carefully”® and that absolute PAAT values are very much
heart rate dependent; the ratio of PAAT to PA ejection time has
therefore been proposed to correct for the shortening of ejection with
higher heart rates.

Presence of a pericardial effusion

The presence of a pericardial effusion (PE) is prognostic and in-
dicates poorer survival in adult PAH patients.”® The findings show
that even a small amount of PE in an adult PAH patient portends
poor prognosis.”® PEs in adult PAH patients appear to relate to RV
failure and evaluation of right-sided filling pressures, along with right
atrial (RA) hypertension and increased pressure in the coronary si-



Figure 1. a, Apical 4-chamber view. Estimation of the systolic pul-
monary artery pressure (PAP), by estimating the right ventricular
systolic pressure by measurement of the velocity of the tricuspid
regurgitation (TR) jet using continuous-wave (CW) Doppler. The
dashed white line indicates CW Doppler cursor placement at the
TR. The peak TR jet velocity is above 4 m/s, thus indicating an in-
creased pressure gradient between the right ventricle and the right
atrium (RA). This, added to an assumed RA pressure, estimates the
systolic PAP. b, Parasternal short-axis view. Estimation of the mean
PAP through CW Doppler of the pulmonary regurgitation (PR) jet.
The dashed white line indicates CW Doppler cursor placement at the
PR. The mean PAP is calculated as the PR gradient, with a markedly in-
creased value of 48 mmHg compared to normal values (<25 mmHg).
The end-diastolic regurgitant velocity is 2.5 m/s. When added to an
assumed RA pressure of 10 mmHg, this estimates a pulmonary artery
diastolic pressure of 35 mmHg.

nus.”” The appearance of a new moderate or larger PE has been
shown to be associated with increased mortality in adults, whereas
this did not hold true when only a small PE developed.® A limita-
tion on the relevance of a PE is that there currently are not sufficient
data on the prognostic significance of a PE in pediatric PH.
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TRV/RVOT velocity time integral (VTI) ratio

There is a trend toward widespread noninvasive assessment of PVR
in clinical practice. As the PVR increases, earlier and enhanced
reflections of the pressure-wave profile of the RVOT appear, along
with substantial changes in the RVOT VTL***** The RVOT VTI
can be obtained by placing a PW Doppler sample volume in the
proximal RVOT just within the pulmonary valve when imaged from
the PSAX view. Vlahos et al.** also reported an excellent correla-
tion between TRV/RVOT VTI and PVR in adult patients with mod-
erate to severe pulmonary vascular disease. An increase in PVR is
followed by a decrease in the RVOT VTL* In that study popula-
tion about half of the patients were pediatric.*> After this relation-
ship, when sPAP increases in PAH patients, TRV will increase and
RVOT VTI is expected to decrease. The TRV/RVOT VTI ratio has
recently been shown to correlate well with PVR measured at cathe-
terization in pediatric PH patients.** Pande et al.** showed that, in
this pediatric cohort (mean age: 9.7 years), the TRV/RVOT VTI
ratio value of 0.14 provided a sensitivity of 96% and a specificity of
93% for a PVR of 6 Wood units. Normative pediatric RVOT VTI
values were recently published.*” These normative RVOT VTI values
will help to overcome the problem of the currently limited use of the
TRV/RVOT VTI ratio in children.

A limitation of RVOT imaging by TTE is the result of a lack of
fixed reference points to ensure optimization of the RVOT. Using
the RVOT VTI as an estimate of pulmonary flow has the addi-
tional limitation that it assumes a circular geometry of the RVOT;
this might be the case in healthy children, but it is not in pediatric
or adult patients with PH.

Figure 2. Parasternal short-axis view. Representative pulmonary
artery flow velocity profile in the significantly enlarged main pul-
monary artery of a 9-year-old patient with idiopathic pulmonary
arterial hypertension. Note the rapid acceleration to peak flow ve-
locity in early systole, marked by the yellow lines. Pulmonary artery
acceleration time of 48 ms is reduced, compared to that of normal
subjects.
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GLOBAL AND REGIONAL FUNCTIONAL
ASSESSMENT OF THE RV

RV longitudinal systolic function

Several indices for the assessment of longitudinal RV function are
available, including the tricuspid annular plane systolic excursion
(TAPSE).*® TAPSE reflects longitudinal excursion of the tricuspid
annulus toward the apex and is measured by M-mode from the
4-chamber view.*” TAPSE changes with growth and increases from
preterm infants to healthy adolescents.*”** Reference values of
TAPSE measurements in adults and across the pediatric age range
are available.*”>® Recently published guidelines for the perfor-
mance of a pediatric echocardiogram recommend TAPSE for the
investigation of longitudinal RV function.”®> TAPSE is a reproduc-
ible index of RV systolic function in adult PH patients, and a
reduced TAPSE has a high specificity for RV dysfunction.”® A
TAPSE of < 2 cm suggests that the RVEF is <40% in adults.>* For
every 1-mm decrease in TAPSE, the risk of death increases by
17% for adult PAH patients.”® A significant amount of PH in
childhood is CHD associated,” be it likely causally linked (large
systemic left-to-right shunt) or out of proportion (e.g., severe PH
in the setting of a small secundum atrial septal defect or left heart
lesions). With sustained PH over years in children and young
adults, TAPSE values decrease, progressively diverging from age-
matched control values.”® Thus, a decrease in TAPSE values may
indicate a decline in RV systolic function. Figure 3 shows a signifi-
cantly decreased TAPSE in a 12-year-old PH patient, with z-
scores far below age-predicted values. A negative correlation was
found between MRI-determined indexed RV end-diastolic volume
(EDV) and TAPSE in patients with PH-CHD. The patients in this
study suffered from PH-CHD after heart surgery in childhood and
therefore show a difference from iPH patients.>® In a prospective
study of 66 treatment-naive children with PH, the value of various
clinical and echocardiographic measures in predicting transplant-
free survival was examined and showed that treatment-induced
changes in TAPSE were associated with improved survival.>®
TAPSE significantly improves after initiation or addition of PH
therapy in pediatric PH patients.>® A limitation of this method is
that, although TAPSE appears to be a good indicator of global RV
function, it does not take into account segmental RV dysfunction
and contractility, such as decreased apical function. TAPSE also has
a wide range of normal values.>® Therefore, additional parameters
should be combined with TAPSE for a more comprehensive and
accurate assessment of RV systolic function.

RV fractional area change

The RV fractional area change (FAC), representing the ratio of
systolic area to diastolic area, is still a commonly used index of RV
contraction. RV FAC is likely less reproducible than TAPSE but
accounts for apical as well as basal function and for radial as well as
longitudinal function, and it incorporates heart size.”' Incomplete
visualization of the RV cavity, which is more common in RV enlarge-
ment, has been shown to lead to a higher inter- and intraobserver
variability.”' In a recent pediatric PH study, FAC was correlated
with indexed RV stroke work and TAPSE.”” We believe that FAC

Figure 3. Apical 4-chamber view. The dotted white line indicates
M-mode cursor placement at the tricuspid lateral annulus. Repre-
sentative M-mode image of the tricuspid annular plane systolic
excursion (TAPSE) in a 17-year-old patient with pulmonary hy-
pertension secondary to congenital heart disease with a decreased
TAPSE. The dotted white line in the M-mode shows the decreased
TAPSE value and flat course of the excursion. The red lines mark
the upper and lower borders of systolic motion, and the yellow
line marks the measured distance. Note the dilation of the right
ventricular and atrial cavities.

should be combined with other parameters for the assessment of
RV function in children with PAH. A limitation of this method is
that, like any ejection-phase measurement, the RV FAC is depen-
dent on loading conditions. Another limitation is the usually sub-
optimal endocardial tracing of the anterior RV wall.”!

Deformation imaging (RV strain and strain rate)

Regional wall motion abnormalities are relatively common in PH
patients. Strain and strain rate seem to be useful in detecting such
abnormalities and can be calculated noninvasively in both the LV
and the RV, providing information on regional myocardial defor-
mation and hence dysfunction in a variety of clinical settings.
Myocardial velocities and displacement are influenced by global
cardiac translational motion and by motion in adjacent myocar-
dial segments. This limitation can be overcome by myocardial
strain imaging. Strain is expressed as the percentage change in
length from the original length. Strain rate is the rate of deforma-
tion (per second). Changes in strain rate have been suggested to
better reflect changes in contractility as they occur in early systole
and are perhaps less influenced by loading conditions.®® Strain
rate imaging provides a tool to quantify regional RV dysfunction
in adult patients with PAH and reveals a characteristic regional
pattern of abnormal RV free-wall function (Fig. 4).>° It has been
shown in adults that the more severe the PH, the more impaired
the end-systolic longitudinal strain in the RV free wall.®® While



Figure 4. Apical 4-chamber view of the right lateral (free) wall.
Strain rate by speckle tracking at day 1 of life in 2 neonates suffer-
ing from perinatal asphyxia and treated with hypothermia. a, From
a neonate without pulmonary hypertension (PH); b, from a neonate
suffering from PH (persistent PH of the newborn). One heart cycle
is shown. Green curves are from apical segments, cyan curves from
middle segments, yellow curves from basal segments, and dotted
white curves represent the whole wall. Note that the peak values are
lower in b (the neonate with PH) than in a, most evident for the
peak systolic values.

RV strain reflects myocardial performance, it is influenced by in-
creased afterload and will decrease with increasing RV afterload.®!
RV global longitudinal peak systolic strain and strain rate were sig-
nificantly impaired in adults with PH, compared to controls,”* with
RV systolic strain most altered in patients with severe PH, when
compared with patients with mild PH.®> Significant correlations be-
tween RV strain and strain rate and mPAP were found in adult PAH
patients.*® The important value of serial measurement of RV systolic
strain in the prediction of long-term prognosis was also shown in
patients with PH.** An individual improvement of >5% in RV strain
at follow-up correlated with better pulmonary hemodynamics, im-
proved clinical status, and less clinical evidence of RV failure. An RV
strain improvement of >5% may also predict greater long-term sur-
vival in PH patients.* This was also suggested in a small study in
pediatric PH patients, where strain may be an earlier predictor of RV
dysfunction than conventional measures, as well as revealing regional
differences.®®

Normative deformation values for healthy children are avail-
able.®® Deformation imaging has also been performed in healthy and
asphyxiated neonates.®”*” Reduced longitudinal RV deformation has
been shown in patients with congenitally corrected transposition of
the great arteries suffering from increased RV afterload.”® Dragulescu
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and Mertens’'showed that speckle-tracking techniques can be used
in children to quantify longitudinal and circumferential strain.

The limitations of strain and strain rate measurements are the
relatively low temporal solution of 2D speckle tracking in the pres-
ence of high heart rates and the postprocessing time. Strain rate, in
particular, results in inherently noisy signals and therefore low re-
producibility. Consequently, at this time strain rate is a useful re-
search tool (Fig. 5) but is not routinely used in clinical practice.
Improving postprocessing times will probably result in a more rou-
tine application of strain rate in children.”* Further study is needed
to determine whether RV strain will provide a more sensitive tool
to determine early or deteriorating RV dysfunction in pediatric PH.

Systolic-to-diastolic duration ratio
The Doppler-derived ratio of systolic duration to diastolic dura-
tion (S/D) was initially described in 2006.”> Heart rate is a major

Figure 5. Apical 4-chamber view of the right lateral (free) wall.
Strain rate by tissue Doppler imaging at day 1 of life in 2 neonates
suffering from perinatal asphyxia and treated with hypothermia.
Three heart cycles are shown. g, From a neonate without pulmonary
hypertension (PH); b, from a neonate suffering from PH (persistent
PH of the newborn). The curves show the value from a segment
covering most of the right free wall. Note that the peak values are
lower in b (the neonate with PH) than in a, most evident for the
peak systolic values.
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Figure 6. Apical 4-chamber view. Doppler-derived tricuspid regur-
gitation (TR) time interval ratio of systolic duration to diastolic
duration (S/D). The S/D ratio was calculated by dividing the dura-
tion of the TR spectral Doppler flow pattern by the time interval
of the cardiac cycle that did not include TR. Systolic and diastolic
duration was measured, using TR duration, by continuous-wave
Doppler from the apical 4-chamber view to calculate the S/D ra-
tio. The red lines show the systolic duration, and the yellow lines
mark the duration of diastole between the end and the onset of
the TR signal within cardiac cycles.

determinant of systolic and diastolic duration, and at rest the for-
mer constitutes about 40% of the cardiac cycle duration in healthy
children.”*”> The S/D ratio is not dependent on heart size, which
increases its worth and applicability in children. In children with
PH, a significantly impaired S/D ratio was proposed as an indica-
tor of RV dysfunction as well as adverse ventricular-ventricular in-
teractions.”® Children with significant PH have a marked decrease
in diastolic duration and an increased S/D ratio, compared to con-
trol subjects, that progressively worsened with increasing heart rate.”®
An increased S/D ratio > 1.4 inversely correlated with survival in
pediatric PH.”® Figure 6 shows an increased S/D ratio in a 15-year-
old adolescent with PH-CHD.

A limitation of the S/D ratio is that it requires the presence of
clearly defined onset and end of TR on Doppler tracings. The S/D
ratio is also influenced by heart rate and loading conditions. Al-
though contraction is prolonged in PH, it is important to remember
that ejection time is shortened in severe PH. Therefore, diastolic
duration may be even shorter than systolic ejection time.””

Tissue Doppler velocities

Tissue Doppler velocities can be used to assess regional myocardial
function. In the normal RV, there is predominantly longitudinal
orientation of the RV myofibers, especially in the deeper layer, and
consequently normal RV function is predominantly longitudinal.
Longitudinal tissue Doppler imaging (TDI) velocities are therefore
pertinent to assess systolic and diastolic RV function. Good cor-
relations between systolic velocities and RVEF were found in an
adult population that included patients with CHD.”® Normal pedi-
atric TDI data have been published.””®" Tissue velocities vary with

age and heart rate and correlate with cardiac grow‘[h;82 therefore,
tissue velocities are not independent of geometry—which has im-
portant implications in children with CHD, who have variable RV
size, mass, and geometry. In healthy neonates born at or near term,
the longitudinal systolic tricuspid annular peak velocity (S') was
only 1.2 times the mitral annular velocity.*> This differs from adults,
in whom tricuspid annular velocity is much higher than mitral annu-
lar velocities. This difference may be the result of the increased
afterload faced by the neonatal RV, compared to the adult RV. In
adults, TDI measurements have been shown to have a sensitivity of
only 33% and a specificity of 100% to identify patients with
precapillary PAH and a negative predictive value of 85% to exclude
precapillary PAH.®* The ' has been demonstrated to be signifi-
cantly reduced in adult PAH patients with reduced RV function.*”
In children with PH-CHD, the tricuspid annular $’ has been shown
to be significantly impaired.*® RV TDI parameters such as S’ corre-
late well with invasive pulmonary hemodynamics in pediatric PH-
CHD patients and may therefore be useful for follow-up of these
patients.*® TDI velocities may also be useful markers of midterm
outcomes in children with iPH.*” Pediatric PH patients had lower '
and early-diastolic velocities (E) at the lateral tricuspid, septal, and
lateral mitral walls, compared to controls.*® These systolic and dia-
stolic abnormalities may worsen with increasing age.*® Figure 7 shows
decreased S’ values in a 16-year-old PH patient. TDI is applicable
independent of chamber morphology and is not based on geometri-
cal assumptions. The §' is suggested to be useful for serial assess-
ment of RV systolic function in pediatric patients.”® The limitations
of TDI are predominantly related to dependence on loading condi-
tions, assessment of myocardial motion in a single dimension, de-
pendency on heart size, and the dependency on interrogation angle.

Figure 7. Apical 4-chamber view. Right ventricular (RV) tissue
Doppler imaging (TDI) along the basal long axis of the RV free wall
with the cursor through the lateral tricuspid annulus. Example of the
pulsed-wave TDI-traced parameters tricuspid annular peak systolic
velocity (S'), peak early diastolic velocity (E'), and peak late (atrial)
diastolic velocity (A") in a 10-year-old patient with pulmonary hyper-
tension secondary to congenital heart disease. Note the reduced
values of every single parameter and the dilated right cavities.



Myocardial performance index (Tei index)
The myocardial performance (Tei) index evaluates global ventricular
function by measuring the ratio of isovolumic contraction and relax-
ation time intervals to ventricular ejection.”’ The longer the iso-
volumic phases, the higher the Tei index and the worse the RV
performance. The Tei index has been reported to be important in the
prediction of the outcome in children with heart failure and after
repair of tetralogy of Fallot.”>*> The RV Tei index has also been de-
termined with TDI, allowing simultaneous measurement of systolic
and diastolic velocities. The RV Tei index correlates well with right
heart catheterization (RHC) parameters, including sSPAP and mPAP,
showing that it is influenced by loading conditions.”* Children with
PH have an increased Tei index compared to normal controls, more
prominent in older children.®® In children with PH, an increased Tei
index is suggested to predict an RV dysfunction.” Figure 8 depicts
the calculation of the Tei index in an 11-year-old patient with PH.
Advantages of the Tei index are that it is a combined ventricular-
vascular index and can be measured independently of ventricular
geometry. Its limitations include combination of systolic and dia-
stolic time intervals, which does not allow distinction between systolic
and diastolic dysfunction. With increased afterload, both isovolumic
contraction and relaxation durations increase. Therefore, this index
reflects increased RV afterload and not only RV dysfunction.

VOLUMETRIC ASSESSMENT OF THE RV
RV/LV diameter ratio

The RV/LV ratio was derived to combine a measure of RV size
with septal shift secondary to elevated RV pressure. The RV/LV

Figure 8. Right ventricular (RV) tissue Doppler imaging (TDI) along
the basal long axis of the RV free wall in a 17-year-old adolescent
with idiopathic pulmonary arterial hypertension. The longitudinal
systolic shortening is labeled S’ at 9.26 cm/s. RV myocardial perfor-
mance (Tei) index can be obtained from the RV ejection time (green
line marked “a”) and from the isovolumic contraction time (IVCT)
and isovolumic relaxation time (IVRT; red lines and green line

marked “b”).
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ratio, measured in the PSAX view at the level of the papillary
muscles at end-systole, is an index that has been shown to correlate
well with invasive hemodynamic measures in children with PH.*
The RV/LV ratio reflects the compression of the LV by the hyper-
tensive RV and has been shown to be significantly higher in chil-
dren with PH than in controls, and an RV/LV ratio > 1 was associated
with increased risk for adverse events in pediatric PH.”®

The RV/LV end-systolic diameter (ESD) ratio can be easily ob-
tained in the clinical setting and used for serial follow-up. Correct
technique is important, as incorrect angulation can lead to under-
or overestimation of ventricular diameters. This ratio is limited in
patients with RV volume loading due to left-to-right shunt lesions
or significant PR where RV size is increased only from volume
loading.

LV eccentricity index

In the pressure-loaded RV, septal flattening occurs in end-systole,
resulting in an increased end-systolic LV eccentricity index (EI).””
The LV El is the ratio of the LV dimension in the minor axis parallel
to the septum divided by the LV dimension in the minor axis per-
pendicular to the septum. Eccentricity index is determined in end-
systole and end-diastole. An increased diastolic LV EI > 1, together
with diastolic septal flattening, has been shown to predict adverse
outcomes in adult idiopathic PAH (IPAH) patients, and this index is
likely to be useful for stratification of prognosis in pediatric PH as
well.”®*° Figure 9 shows a significantly increased RV/LV ratio in a
13-year-old patient with PH-CHD. Limitations of this index are that
slightly off-axis images may result in an artificially flattened septum,
which may falsely increase the index, and that an inaccurate identifi-
cation of the end-systole may influence the index.

RV and LV diastolic function

PH is commonly associated with diastolic RV dysfunction that
precedes the impairment of systolic RV function. In the apical 4-
chamber view, a PW Doppler beam should be aligned as parallel as
possible to RV inflow. The sample volume should be placed at the
tip of the tricuspid leaflets.'® The evaluation of RV diastolic func-
tion includes tricuspid inflow velocities (E, A, E/A), TDI of the
tricuspid annulus (E’, A’, and E'/A’), and deceleration time. The
tricuspid E/E’ ratio, RA area, and diastolic strain rate have promise
in the evaluation of RV diastolic function. In adult studies with
chronic heart failure and PH, the presence of RV diastolic dysfunc-
tion is associated with worse functional class and is an independent
predictor of mortality.'®" In children with bronchopulmonary dys-
plasia, increasing tricuspid E/E' correlates with clinical severity of

. 102
the disease.”

In children with iPH, tricuspid valve E' correlates
with mPAP and RV end-diastolic pressure.87 In a recent study, dia-
stolic parameters of RV in children with PH correlated with inva-
sive measures of cardiac catheterization.'®’

Tricuspid inflow measures can be achieved with high reproduc-
ibility.'**
surements of the tricuspid inflow velocities and are excluded from

The presence of moderate to severe TR can confound mea-

most studies. In PH patients with advanced disease and evident RV-
mediated impairment of LV filling, the late-diastolic LV filling pat-
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Figure 9. Parasternal short-axis view of the right ventricle (RV) and
the left ventricle (LV): D-shaped LV and enlarged RV due to flatten-
ing of the interventricular septum. The end-systolic septal bowing is
typical for pulmonary arterial hypertension (PAH). Remodeling of
left and right cavities in a 14-year-old patient with severe idiopathic
PAH. The RV/LV ratio was derived from RV and LV diameters at
end-systole. The red line marks the severe dilation of the RV, with
LV diameter (and compression) shown by the yellow line.

tern through the mitral valve will reverse, leading to E < A, and a
short E deceleration time has been observed in adults.'®> The pulmo-
nary venous Doppler flow can be abnormal in patients with LV
diastolic dysfunction. In patients with PH from left-sided heart dis-
ease, the evaluation of mitral valve and pulmonary veins remains
important in determining the cause of PH. Evaluation of LV systolic
function can be measured by EF from biplane Simpson’s formula'®
and the area-length method (Bullet) measuring LV end-diastolic di-
ameter (EDD) and LVESD in the 4-chamber view and FAC in the
PSAX view (LVEF = (LVEDV — LVESD):LVEDD, where LV
volumes are calculated monoplane as follows: LV volume = 5/6 x LV
area SAX x LV length).'"”

RV and RA enlargement
In adults, a basal RV diameter of >42 mm and a midcavity diameter
of >35 mm have been shown to indicate RV dilation. Similarly, an
end-diastolic length of >86 mm indicates RV enlargement.'® For the
area of the RV, often the area divided by body surface area (the
“indexed” area) is used. The ASE has published recommendations
for quantification methods during the performance of a pediatric
echocardiogram, with the RV internal-dimension parameters de-
scribed as useful but with normative data for a comparison to dilated
RVs still not available.”® Recently, normative data of the pediatric RV
internal dimensions have been published,m&109 with sufficient TTE
data of enlarged RV dimensions in pediatric PH currently missing.
RV and RA enlargement, plus interatrial septal bowing from right to
left (as shown in Fig. 10 in a 16-year-old adolescent with PH), indi-
cates poor RV compliance, increased mean RAP, or both in adults.'°
The measurement of RA dimensions, including RA diameter
and area, in an apical 4-chamber view is a simple variable. An RA
area > 20 cm? has been shown to be abnormal, and an RA area >
27 cm” showed a higher rate of death in adults with IPAH."'>!"!

In adult patients with chronic PAH, the RA size significantly in-
creases and parallels signs of activation of the Frank-Starling
mechanism in both right chambers. The RA size has been shown
to be positively related to larger RV dimensions.''? The IVC can
be dilated in patients with PH because of rising RAP. It is mea-
sured in the subcostal longitudinal view with the IVC entering the
RA. RAP can be estimated by IVC diameter and the presence of
inspiratory collapse in adults."'*''"* An IVC diameter of <2 cm
that collapses by >50% with a sniff suggests a normal RAP of 3 mmHg
(range: 0-5 mmHg) in adults. An IVC diameter of >2 cm that collapses
by <50% with a sniff suggests a high RAP of 15 mmHg (range:
10-20 mmHg).""*'"® In children, the IVC varies with age of the
patient. Elevated RAP in children can be assessed by the percent-
age of collapse of the IVC during inspiration rather than by an ab-
solute number. For the pediatric PH cohort, limited data for a
comparison to a dilated RA are available, in contrast to RV size.!%
One of the major limitations of the reliability of RA and RV size
determination is that only limited TTE data on RA and RV size
enlargement in pediatric PH are available.

3D echocardiography

The most common 3D method of assessing RV volume in PH
patients uses semiautomated border detection and a model of the
RV that is used in semiautomated RV volume reconstruction.''®'"”
Disk summation and apical rotational methods for RV volume and
EF calculation have been shown to correlate well with MRI volume
and EF in children''® and adults."'* RVEDV calculations of 3D
data sets are available, with good correlations with other techniques,
such as the MRL'2%'?! The lower reference limit for RVEF is 44%,
from the disk summation method in adult patients. In a recent
study by Kong et al.,'** regional and global RV systolic dysfunction
in adult PH patients measured by 3D echocardiography were in-
versely related to the pulmonary arterial systolic pressure and PVR.
Normal values with this technique for RV size and function in adults

Figure 10. Apical 4-chamber view at ventricular end-systole, show-
ing increased right atrial and right ventricular diameters. Typical
echocardiographic feature in an 11-year-old patient with severe idi-
opathic pulmonary arterial hypertension with a dilation of the right
atrium and right ventricle.



have been published.'*® Three-dimensional echocardiography out-
performed 2D echocardiography in the assessment of RV volumes
and compared favorably with cardiac MRIL'?* In adults with PAH,
good correlation was found in the calculation of RVEF and RVEDV
determined by either 3D echocardiography or MRI measurements.'*
It was recently shown that adult patients with some forms of PH had
more dilated, hypertrophied, and poorly functioning RVs than adults
with other forms.'*® The use of 3D echocardiography has been vali-
dated for the measurement of RV volumes and EF, which correlated
well with those variables determined by MRI imaging in a pediatric
population.'?” Validation of 3D echocardiographic assessment in chil-
dren with complex CHD, including a small LV, has been per-
formed,'?® while sufficient data in children with PH are scant. A
limitation of this method is that 3D echocardiography is dependent
on adequate acoustic windows, which had been appropriate in only
about 50% of all patients,'® because of inadequate image quality.
Furthermore, an underestimation of the RV volume, when compared
to MRI measurements, was reported from different groups that found
the underestimation of RV volumes by 3D echocardiography mainly

occurring in severely dilated RVs.''*'%

SUMMARY

In this review, we summarize the use of basic standard and more
extended TTE variables in pediatric PH patients. TTE findings of
suspected PH alone are not sufficient to establish the diagnosis of a
pediatric PH and also not sufficient to initiate a specific therapy."'>!
While important and mandatory for the initial confirmation of the
diagnosis, a comprehensive RHC appears to be associated with a
higher rate of complications in children than in adults and there-
fore requires specific expertise."”'>* The use of TTE supports a goal-
oriented “treat to target” therapy in adults and pediatric patients
with PH.'*® Longitudinal investigations are of paramount impor-
tance in determining the effects of PH-specific therapies on growth
and puberty in pediatric patients."* It is essential that TTE protocols
for PH patients include assessment of RV hemodynamics, global and
regional RV function, and RV volumetry. Although data on pediatric
PH are still scant, we created a pediatric imaging protocol for use of
TTE in the initial diagnosis, follow-up, and treatment of children
with PH (Table 1) as our “best practices” for a TTE evaluation of
children with various types of PH. The main focus of this review was
on systolic RV function and size adaptation to increased RV after-
load, but diastolic function changes must also be taken into consider-
ation. Increased RA and RV surface areas, an altered EI, estimates of
RAP from diastolic function indices, the RV Tei index, and several
other variables are surrogate markers of diastolic RV function pro-
vided by TTE."*>"* Echocardiographic 3D assessment of ventricular
volumes and calculated RVEF and LVEF has made significant prog-
ress over the past decade, although it does not reach the accuracy of
the gold-standard cardiac MRI.

More important than just measuring FAC, TAPSE, TDI, or
other variables to assess RV function is properly performed inves-
tigation by the sonographer. Cardiac sonographers should become
familiar with both traditional and newer techniques for more de-
tailed assessments of ventricular performance in children with PH
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and/or ventricular dysfunction.'’ Clinicians must develop an un-
derstanding of RV size and RV function measurements so that
these can be integrated into clinical practice.

Regular and consistent usage of a TTE protocol may increase
the identification of children with PH, leading to earlier compre-
hensive diagnosis and treatment. In concert with lab tests and ex-
ercise testing, these TTE variables are useful for the diagnostic
workup and assessment of staging the disease in PH patients. A
detailed TTE evaluation might reduce the cost of intensive and
logistically demanding follow-up investigations such as cardiac MRI
or cardiac catheterization, especially in the pediatric age group, in
the future.
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