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Abstract: While the current definition of pulmonary hypertension (PH) is still based on haemodynamic
variables, transthoracic echocardiography is the most important diagnostic clinical tool for the first
assessment and evaluation of a patient, in whom PH is suspected. In addition, it is the most important
clinical modality in long term follow-up and the udility of echocardiography has widely been demonstrated
in patients with PH. Echocardiography not only reveals the underlying cardiac morphology and diagnosis of
any associated cardiac defects. In most patients with PH right ventricular (RV) pressure estimation is feasible.
In addition, ventricular systolic and diastolic function, as well as ventricular-ventricular interactions of both
ventricles can be assessed by using echocardiography. Maximizing the use of echocardiography by reporting
several measures to gain information and quantitatively describe the parameters, that are linked to prognosis,
seem particularly appealing in these children, in whom other advanced imaging modalities requiring
anaesthesia is associated with a considerable risk. Herein we provide a practical approach and a concise and
clinically applicable echocardiographic guidance and present basic variables, which should be obtained at any
assessment. Moreover, we present additional advanced echocardiographic measures, that can be applied in a
research or clinical setting when progressive PH needs a deeper insight to assess heart function, estimation
of pulmonary artery pressures among others, by echocardiography. Finally, clinically relevant studies in view
of the prognostic properties with a focus on the most important echocardiographic variables in pediatric PH

are summarized.
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Introduction Data from the TOPP registry suggested the potential

] ) ) combination of simple diagnostic non-invasive tests (chest
Transthoracic echocardiography is arguable the most X-ray, electrocardiography and echocardiography) to rule

important clinical tool for the first assessment and work-up in out the presence of PH. In fact, none of the 456 children

patients, when the suspicion of pulmonary hypertension (PH)
is being raised. While the current definition of PH is still
based on haemodynamic variables and therefore demands a

cardiac catheterization to confirm the diagnosis (1,2).
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with PH at the time of enrollment had all three tests
considered normal (3).

Echocardiography not only reveals the underlying
cardiac morphology and diagnosis of any associated
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Table 1 An overview of basic and additional + advanced echocardiographic variables and their role

Parameter

Information gained

Basic echocardiographic variables

Tricuspid regurgitation maximal velocity*

Estimation of right ventricular (RV) systolic pressure (RVSP)/systolic pulmonary artery

pressures (PAP) by adding right atrial pressure (RAP)

Pulmonary regurgitation end-diastolic velocity*

IVC dimensions/inferior vena cava collapsibility
index (IVCCI)*

RA dimensions/planimetry of the atria*
Pulmonary acceleration time (PAAT)*
Tricuspid annular plane excursion (TAPSE)*
Left ventricular eccentricity index (LVEI)*
Right ventricular area change (RV FAC)
Additional and advanced echocardiographic variables
Systolic-to-diastolic duration ratio
RV base/apex ratio
Tissue doppler assessment

Strain/strain rate measurement

Dilatation of the RV

Estimation of end-diastolic PAP by adding RAP

Estimation of RAP/central venous pressure (CVP)

Assessment of atrial dimensions

Severity of pulmonary hypertension (PH)

RV longitudinal function

Flattening and bowing of interventricular septum as indirect marker of RVP

Quantitative estimation of RV ejection volume/right ventricular output

Time variables to assess systolic duration in proportion to diastolic duration

RV and LV systolic and diastolic function ventricular-ventricular interactions (VVI) in PH

Assessment of global and regional ventricular function and ventricular-ventricular

interactions (VVI) in PH

Parameters with an * should be aimed to be assessed at any assessment.

cardiac defect, it also allows to estimate right ventricular
(RV) pressures (directly or indirectly), which correspond
to the peak systolic pulmonary artery pressure, in the
absence of any RV outflow tract obstruction or pulmonary
(artery) stenosis. In addition, echocardiography allows to
assess ventricular systolic and diastolic function, as well as
ventricular-ventricular interactions of both ventricles.

Moreover, echocardiography to date represents the most
frequently used technique and most important diagnostic
modality in the long-term follow-up of PH patients.
Together with other clinical variables, it allows to assess
PH severity, ventricular function as well as any disease
progression during longitudinal follow-up in the regular
medical service and assessment of patients with PH.

Over the recent years, with a greater armamentarium of
pharmacological treatment options, there is rising interest,
which of the echocardiographic parameters might be
surrogate parameters for prognosis in pediatric PH.

Particularly since pediatric PH is rare and single center
experience is often limited, uniform protocols for the
echocardiographic assessment of children and adolescents
with PH would be desirable. A uniform approach
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allows comparison of patient findings between different
institutions or different investigators and facilitates multi-
center research.

Herein we aim to introduce a comprehensive overview
of echocardiographic parameters and an approach, that is
practicable in clinical routine, that can be applied to any
patient with PH (‘Basic variables’). It is aimed to meet
a balance of providing a thorough echocardiographic
assessment, including the most important quantitative
measures given the time constraints, most health professionals
face in clinical practice. A focused but meaningful
echocardiographic assessment is also desirable, particularly in
younger children, in whom a long- echocardiographic study
may not be tolerated (Zable 1, measures *). Moreover, we
present additional ‘advanced echocardiographic measures’,
that can be applied in a research or clinical setting when
progressive PH needs a deeper insight to assess heart
function estimate pulmonary artery pressures among others,
by echocardiography (Tible 1).

Once the suspicion for PH is raised, at initial work-
up a complete comprehensive assessment with sequential
analysis of the cardiac morphology is mandatory (4).
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Figure 1 CW-Doppler interrogation of the tricuspid regurgitation signal from an apical 4-chamber view. Measurement of maximal velocity

to estimate systolic right ventricular/pulmonary artery pressures by using the modified Bernoulli-equation and addition of right atrial

pressure (in the absence of any right ventricular outflow tract obstruction or pulmonary stenosis).

Hemodynamically relevant or coincidental shunt lesions
have to be ruled out, which may at least in part contribute to
the development of PH. Infants within the first half year of
life with a hemodynamically relevant shunt lesion are usually
operated on without any previous cardiac catheterization. In
older children or those with suspected established pulmonary
vascular disease (PVD), assessment of mean pulmonary
artery pressure (mPAP), left atrial pressure (LAP; or
pulmonary capillary wedge pressure, PCWP), quantification
of shunt volumes and calculation of pulmonary vascular
resistance (PVR) via cardiac catherization is usually required
to assess operability (5). In addition, testing with different
agents with pulmonary vasodilatory properties can be
performed during cardiac catheterization, to determine
responsiveness of the pulmonary vasculature and assess
disease severity, which is crucial for the decision-making
process, and to guide therapy (6).

Basic echocardiographic variables
Estimation of pulmonary artery pressures

Systolic pulmonary artery pressure
In presence of a tricuspid valve regurgitation (I'VR) signal
with good quality (complete envelope of the Doppler
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tracing), systolic pulmonary artery pressures (PAP) can be
assessed by using the modified Bernoulli equation utilizing
the peak velocity of the regurgitation signal measured by
CW- Doppler interrogation (Figure I). In order to estimate
the right ventricular systolic pressure (RVSP), a surrogate
of systolic PAP (sPAP) in the absence of relevant pulmonary
stenosis, corresponds to 4x the squared peak velocity of
the TVR. The right atrial pressure (RAP)/ central venous
pressure (CVP) has to be added.

RVSP =4x[TVR velocity (m/sec)| +RAP  [1]

Diastolic pulmonary artery pressure

Another alternative indirect method to estimate the (end-)
diastolic pulmonary artery pressure (dPAP) is to measure
the end-diastolic velocity, assessed by Doppler, from
a pulmonary regurgitation (PR) signal. Again, for the
estimation of dPAP, RAP or CVP has to be added.

dRAP = 4x [PR velocity (m/ sec)]2 +RAP (2]

Pitfalls: in the presence of only trivial or very mild valvar
regurgitation, a lack of a complete Doppler envelope usually
leads to an underestimation of PAPs. Thus, in the absence
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Study Time: 12,3

Figure 2 2D measurement of inferior caval vein (IVC) from a transabdominal view close to the IVC-right atrial insertion. Absolute

dimension of IVC can be measured or reported as IVC collapsibility index = (maximal IVC diameter — minimal IVC diameter): max. IVC

diameter x 100.

of a sufficient TVR Doppler signal, reporting absolute
numbers of PAP have to be undertaken with caution.
As velocity determination is dependent on the angle of
interrogation, it is useful to repeat these measurements
from different echocardiographic views and angles for an
accurate estimation.

In advanced PH and increased RAPs and severe
TVR, the degree of pulmonary pressure elevation may
be underestimated, assessed by the TVR signal only, as
ventricular and atrial pressures may have adjusted and the
pressure drop across the tricuspid valve may not accurately
reflect the PAP any longer (7).

Of note, a lack of TVR or an insufficient signal (with an
incomplete envelope) to estimate PAPs, does not imply that
PAP is normal. Another critical pitfall is the interpretation
of the estimated PAPs. In order to compare PAP measures,
(change in) RV function has to be considered and taken
into account for the interpretation of PAPs. Hence, a
drop of estimated pressure does not necessarily suggest an
improvement of PH. In the setting of a chronic progressive
disease, worsening impairment of right ventricular
function has to be ruled out, as the evolvement of RVSP
is the driving force for the TR velocity. That means,

with increasingly compromised right ventricular systolic
function, crude PAP estimations from TVR interrogation,
do underestimate the degree of pulmonary vascular disease.

Mean pulmonary artery pressure

If mPAP is to be estimated by echocardiographic methods,
the mean PAP can be gauged as follows: mPAP = 0.61 x
systolic PAP + 2 mmHg (8).

A TVR velocity of >3.4 m/s, thus corresponds to a
systolic PAP of approximately 50 mmHg (+ CVP) in
accordance with presence of pulmonary hypertension
(according to the former definition) (7,9). As the formula
for the calculation of the pulmonary pressures (see above)
suggests, estimation of RAP/CVP is required.

Estimation of right atrial pressure (RAP)/central
venous pressure (CVP)
Collapsibility of the inferior caval vein (IVC) with
inspiration assessed by echocardiography allows an
estimation of CVPs.

No significant correlation was found between IVC
collapsibility index (IVCCI) and age, gender, or indexed RA
volume. IVCCl is calculated as follows (Figure 2).

IVCCI = (max imal IVC diameter —min. IVC diameter) :max. IVC diameter x100 (3]
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Figure 3 PW Doppler of antegrade flow into the pulmonary artery with measurement of the pulmonary acceleration time (PAAT). Interval

from the onset of flow in the pulmonary artery to peak velocity of the flow signal (in ms).

Pediatric studies of healthy children have shown, that
venous diameters increase predictably with growth, however
IVCCI, compare closely with those reported in adults (10).
Echocardiographic assessment of collapsibility index has
shown a good correlation with CVP measurement in
neonates and children (11).

There are some controversies with regards to the utility
of IVCCI in children, where no clear correlation could be
found. Arya ez al. found that long axis IVC max provided an
estimate of mean RAP (12).

According to the current ASE guidelines (13) an IVCCI
of 50% discriminates between a normal respiro-phasic
motility of the IVC (IVCCI >50%). In adults, IVCCI
values of >50% are thought to exclude the possibility of
hemodynamic congestion when combined with maximum
values of IVC diameter <21 mm.

Assessment of right atrial (RA) dimensions

Atrial dimensions can be assessed by planimetry from an
apical 4-chamber view. Worsening compliance and function
of the right ventricle is transduced to the right atrium.
While we often see atrial dilatation in children quite late in
the course of the disease, it reflects a loss of venous pooling
capacity and worsening of cardiac integrity. A pediatric study
demonstrated that an active emptying fraction of >60% and
a RV FAC <25% correlated with clinical worsening (14).
Progressive worsening of the RA reservoir and conduit

© Cardiovascular Diagnosis and Therapy. All rights reserved.

function has been reported to describe RA deformation
and performance, which have been shown to correlate with
functional capacity, invasive hemodynamics and emerged as
predictors for adverse outcome in children with PH (15).

Pulmonary acceleration time (PAAT)

For a long time, pulsed-wave Doppler interrogation of the
PAAT has been an established surrogate marker for the PAP. It
has been shown in adult cohorts that PAAT not only correlated
with mPAP but also with the resistance PVR (9). There is an
inverse linear relationship between PAP and PAAT.

PAAT is best determined from a parasternal short-axis
view, placing the pulsed waved Doppler into the center
of the proximal main pulmonary artery, assuring a good
signal of pulmonary artery flow (16). PAAT is the interval
measured from the onset of the flow in the pulmonary
artery to peak velocity of the flow signal (in ms) as
demonstrated in Figure 3.

One major advantage of PAAT is, that measurement is
reported to be feasible in nearly all patients (99%), even
in the absence of a sufficient TVR envelope to estimate
PAPs (16).

In healthy individuals, the PAAT should be >110 ms;
a PAAT of <100 ms is considered abnormal (17). As
PAAT shortens when heart rate increases, the changes
of hemodynamics during growth and maturation from
infancy to adolescence and physiological decrease of heart
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Figure 4 TAPSE measurement from an apical 4-chamber view, by
placing the M-mode over the anterior right ventricular free wall at

the level of the tricuspid valve insertion.

rate have to be encountered. Normal values for children
have been established more recently by Koestenberger
et al. in a large pediatric cohort of >750 children. In healthy
children, PAAT increases in a non-linear fashion with age.
PAAT positively correlated with age and body surface area,
length and weight (9). As expected, a negative correlation
was demonstrated with heart rate. Interestingly, females had
shorter PAAT times than male individuals. This is well in
keeping with other exercise studies of heart rate in normal
children, in whom healthy girls have higher heart rate
compared to boys of similar age (18,19).

Koestenberger et a/. demonstrated in a control group of
54 pediatric patients with PH, that a decreased PAAT of a
z-score <2 is predictive for the diagnosis (9). The usefulness
of PAAT in children was confirmed in another pediatric
study by Levy et 4l. (20).

Alternatively, to PAAT measurement, a pulsed waved
Doppler interrogation can be obtained from the parasternal
short axis view, by placing the Doppler sample in the RV
outflow tract below the pulmonary artery valve. Like the
shortened PAAT in individuals with PH, RV ejection
time (RVET) has also been shown to be decreased in PH
patients. Expressing both values as ratio, PAAT/RVET is
less dependent on variables like age, heart rate and body
surface area (21). Therefore, it has also been found to be

© Cardiovascular Diagnosis and Therapy. All rights reserved.
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useful in children (21,22).

Normal values for children for RVOT VTI are
available and have been reported by Koestenberger et a/.
previously (23). RVOT VTT has been shown to correlate
with PVRi and TRV with a good sensitivity and specificity
particularly for higher values of pulmonary vascular
resistances in both adults and children. Measurement
of the RVOT VTI ratio provides a useful adjunct for
patients, in whom TRV is only mild and sufficient Doppler
interrogation is not feasible.

Echocardiographic assessment of right ventricular function

Tricuspid annular plane excursion (TAPSE)

Whilst other imaging techniques, like cardiac MRI allow
accurate volumetric assessment of the RV, comprehensive
echocardiographic quantitative assessment of the RV
volume is much more difficult. Simple echocardiographic
tools, based on simple geometrical shapes, cannot be applied
to the RV due to its geometrical structure morphology and
trabeculations.

Biplane interrogation using the modified Simpson
technique is feasible, however a technically much more
straight-forward tool has evolved as standard measure
reflecting only one component of right ventricular
contraction. The tricuspid annular plane excursion (TAPSE)
represents the longitudinal systolic function of the RV (24).
It describes the motion of the tricuspid annulus towards
the apex. Although only a part of the complex contraction
mechanics of the right ventricle is being reflected by this,
it has been shown to correlate well with outcome and
morbidity in PH (25). The TAPSE is measured using the
M-mode from an apical four chamber view (Figure 4).
TAPSE values increase from infancy to adolescence, age-
dependent normal values for TAPSE have been provided
(26,27). A decrease in TAPSE represents a surrogate for
a general deterioration of global RV function, although
other mechanical kinetic aspects of all other segments are
not fully represented by this measurement. In particular,
the radial component of RV contraction is not reflected by
TAPSE, neither any segmental RV dysfunction. Although
the process of RV contraction is much more complex, its
clinical impact is relevant: for any decrease of 1 mm in
TAPSE, the unadjusted risk of death increased by 17%
(hazard ratio, 1.17) in an adult PH population (28). In
addition, in serial echocardiographic assessments, TAPSE
turned out as one of the predictive variables associated with
outcome (25).
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Figure 5 Left ventricular eccentricity index (LVEI) is measured from a parasternal short axis view of the ventricles, expressed as ratio of the

minor axis of the LV parallel to the interventricular septum divided by the minor axis perpendicular to the septum.

Left ventricular eccentricity index (LVEI)

An elevated pulmonary artery and hence RV pressure leads
to flattening of the interventricular septum (IVS). In the
setting of severe PH and supra-systemic RV pressures, the
IVS may even bow into the left ventricle. This leads to the
typical ‘D-shape’ of the left ventricle in the parasternal short
axis view. The abnormal septal motion also compromises
left ventricular systolic and diastolic function (29-31). The
quantification of septal shift represents the severity of RV
pressure and is part of the ventricular-ventricular interaction.

However, the maximal leftward septal shift in PH often
occurs at the time of early LV diastole (32). In accordance,
a short mitral inflow time and a reversed mitral inflow
E/A ratio are frequently present in a pattern of delayed
relaxation (30,32). Referring to this observation, a new TTE
measure, entitled the post-systolic maximal eccentricity
index (LVpsEIM), which is calculated at maximal septal
flattening, was recently introduced for children (33,34).
VpsEIM measures were significantly increased in children
with PH and correlated well with invasive hemodynamics
and outcome measures (33).

Figure 5 illustrates the technique of measuring this
unitless index. LVEI is measured from a parasternal short
axis view of the ventricles, expressed as the ratio of the
minor axis of the LV parallel to the interventricular septum
divided by measuring the minor axis perpendicular to
the septum (35). Amongst others, in adult patients with
idiopathic pulmonary arterial hypertension IPAH), an end-
diastolic LVEI >1.7 has been shown to allow prognostic

© Cardiovascular Diagnosis and Therapy. All rights reserved.

stratification of an adverse outcome (36).

However, the LVesEI as well as the LVpsEIM should be
interpreted cautiously, especially in patients with PH/PAH
after surgical repair of CHD as the structure and shape of the
IVS may be affected (e.g., due to ventricular patches) (37).

Right ventricular fractional area change (RV FAC)

The RV FAC is expressed as the ratio of the diastolic RV
area—systolic RV area/diastolic RV area, measured from
an apical 4-chamber view. This provides a reflection of the
radial and longitudinal forces of the RV function (Figure 6).

In pediatric PAH, an RV FAC <25% may indicate clinical
worsening (14,38,39).

The disadvantage of this measure is a considerably higher
intra- and interobserver variability compared to TAPSE
and the fact that it is less reproducible (28). In the setting
of a dilated RV, a clear delineation of the curvature of the
anterior wall may be obscured. A correlation between RV
FAC, indexed RV stroke work and TAPSE has been shown
in a pediatric cohort of patients with PH (40).

It has to be emphasized that all measures of the
right ventricle are, to a certain degree dependent on
central venous pressure and may vary with altering
preload conditions. This applies for RV FAC, TAPSE
and longitudinal strain. Further caution is warranted in
interpreting the obtained values in ventilated patients.
Changes of intrathoracic pressure and ventilatory mechanics
cause changes particularly to the flow dynamics in the
measures of the right heart.
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Figure 6 Right ventricular (RV) fractional area change (RV-FAC)
is measured in an apical 4-chamber view by tracing the inner
surface of the right ventricle in end-diastole and in systole. The
FAC is reported as ratio of the (diastolic RV area - the systolic RV

area)/diastolic RV area.
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Additional and advanced echocardiographic
variables

Systolic-to-diastolic duration ratio

In patients with an increased pulmonary vascular resistance,
the duration of RV contraction is considerably prolonged
at the expense of diastole (41). This sign of global RV
function can be expressed by the systolic (S) to diastolic
(D) duration ratio. It can be obtained by a Doppler flow
measurement of the TR signal of S and D from an apical
four-chamber view. The duration of the TR flow reflects S,
D duration is measured from the end of the TR flow signal
to the new onset of TR in the next cardiac cycle (Figure 7).
Thus, compared to healthy controls S/D ratio (usually <1)
is prolonged in individuals with PH (42,43). An abnormal
S/D ratio can be a surrogate for RV dysfunction. This is
even more pronounced at higher heart rates (41). Of note,
the duration of S and D is heart rate dependent, and thus,
worsened S/D duration ratios are especially seen in children
with PH during tachycardia (35,44). In children with PH
an increased S/D ratio of >1.4 has been shown to correlate
inversely with survival (44).

5 +57.9
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PG 73 mmHg
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Figure 7 Systolic-diastolic duration ratio can be obtained from CW Doppler flow measurement of the tricuspid regurgitation (TR) signal of

S and D from an apical 4-chamber view. The duration of the TR flow reflects S, while D is measured from the end of the TR flow signal to

the new onset of TR in the next cardiac cycle.
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Figure 8 RV base/apex ratio is measured is obtained at end-systole
from an apical 4-chamber view. The RV internal diameter is
measured at the base of the RV (RVES base), apical to the tricuspid
valve anulus, whereas the apical internal diameter is taken at the

level of the distal end of the moderator band (RVES apex).

RV base/apex ratio

Another easy obtainable quantitative measure described to
be useful in children with PH is the end-systolic RV base/
apex ratio (45,46). This measure is obtained at end-systole
from an apical 4-chamber view, where the RV internal
diameter is measured at the base of the RV (RVES b), apical
to the tricuspid valve anulus. The apical internal diameter
is taken at the level of the distal end of the moderator band
(RVES a) (Figure 8). Koestenberger et al. showed that in a
cohort of 157 healthy children, the mean RVES b/a ratio
were 1.87+0.22. The normal values of the RVES b/a ratio
slightly increased with increasing age (r=0.20, P=0.011), BL
(r=0.17, P=0.036), and showed a non-significant trend to
an increase with BSA (r=0.16, P=0.05). The RVES b/a ratio
was shown to decrease in children with PAH compared to
age- and gender-matched healthy subjects (45). The RVES
b/a ratio inversely correlated with both echocardiographic
and hemodynamic indicators of increased RV pressure
afterload, and with NYHA FC, suggesting the RVES b/a
ratio to reflect disease severity in PAH children (45).

Tissue Doppler assessment

Tissue Doppler imaging (TDI) is a further tool, which
allows to assess myocardial systolic and diastolic ventricular
function by measuring myocardial velocities by PW-
Doppler. From an apical 4-chamber view PW-Doppler

© Cardiovascular Diagnosis and Therapy. All rights reserved.

measures can be obtained from the lateral tricuspid valve
annulus (Figure 9), the basal IVS and the LV lateral mitral
annulus (47,48).

The longitudinal systolic ventricular function is best
expressed by the peak systolic (S’) velocity. Whereas
diastolic function is expressed by the early filling (E’) and
late (A) diastolic velocities, where the latter expresses the
contribution of atrial contraction to diastole. Abnormal
values for TDI velocities have been described in children
with PH and those with associated congenital heart disease,
compared to normal controls (31,47).

Absolute measures of TDI velocities vary with age
and heart rate and normal values have been described for
children (49). Thus, appropriate reference values for the
different age groups must be applied to pediatric TDI
studies.

In adults peak S’ has been shown to correlate well
to other echocardiographic parameters, e.g., RV FAC
and TAPSE (50). In addition, peak S’ has been shown
to be inversely correlated with hemodynamic variables
like mPAP and PVR (51). In adults with PH, a good
correlation of tricuspid peak S’ and RV EF obtained
by cardiac MR imaging has been demonstrated (52). In
addition, children with PH show an impairment of the
peak tricuspid annular (§’) velocity, with a decreasing
of S’ over the course time of longstanding elevation of
the PAPs (47). Interestingly, in contrast to children with
PH, in children with right ventricular volume overload
due to an atrial septal defect (amenable to interventional
repair and no pulmonary vascular disease), tricuspid peak
S’ has been reported to be increased and normalizes
after shunt closure (53,54). A negative correlation of
tricuspid diastolic TDI velocities with PAPs have also
been reported in patients with atrial shunt lesions (55).
The ratio of tricuspid E‘/A‘ has been found to have
the highest sensitivity and specificity, when used in
conjunction with maximal tricuspid regurgitation velocity
in distinguishing between patients with PH associated to
congenital heart disease and healthy controls (55).

A low tricuspid E’ has been described to be related to
outcome in a pediatric cohort of children with idiopathic
pulmonary hypertension (56).

RV dysfunction in advanced PH, with shift of the
interventricular septum, affects LV function. Ventricular-
ventricular interactions are a well acknowledged
phenomenon in PH physiology, as described above.
Abnormal TDI measurements of the left lateral wall and
interventricular septum may reveal these early changes
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Figure 9 Tissue Doppler Imaging from an apical 4-chamber view with PW—Doppler placed on the right ventricular anterior wall at

tricuspid valvar ring level.

of left ventricular compromise. The impact on the left
ventricular hemodynamic integrity is shown by decreased
measures of the TDI velocities of the left posterior wall.
TDI has also been found to be useful in patients with
operated congenital heart disease, as TDI measures are
independent of ventricular geometry and can even be used
in patients with altered RV morphology or scaring of the

RV from previous ventriculostomies, accordingly (57).

RV strain measurement

A further tool to gain information on global as well as
regional ventricular function are strain measurements.
Myocardial deformation is described by strain, which
is dimensionless. Strain rate provides information on
myocardial deformation taking the time variable into
account. Myocardial strain measures provide information
on regional and global RV function (58,59).

Normal values of cardiac deformation, strain and strain
rate in children have been published (60-62). One advantage
of this technique is, that it is less dependent on loading
conditions as compared to the conventional parameters;
this is especially true for PH associated to congenital heart
disease (59).

In adult individuals with PH, RV longitudinal peak
systolic strain and strain rate have been demonstrated to be
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lower compared to healthy controls (63).

Children with IPAH show a decrease in RV longitudinal
deformation parameters, as well as an impaired or absent
transverse and post-systolic shortening, indicating RV
dysfunction (64).

RV longitudinal free-wall strain correlates with clinical
parameters, like functional class, 6-minute walk distance,
(N-terminal pro)-B-type natriuretic peptide levels, and
the presence of right heart failure (65). Additionally, it has
proven to be a strong predictor of outcome as demonstrated
in a large adult patient cohort (65,66). For adult patients,
a 1.46 higher risk of death has been reported per 6.7%
decline in RV strain (66). While RV strain is defined as
the mean value of the RV free wall in currently applied
definitions (35), inclusion of the septal regions into the
assessment have been shown to be useful (32,67).

In a pediatric cohort of asymptomatic patients after
Fallot repair, pulmonary regurgitation has been shown to
be associated with impaired regional systolic RV function
and impaired deformation indices, expressed by an
abnormal strain and strain rate in various segments of the
RV free wall and IVS (54). Regional strain and SR may be
an early indicator of RV impairment before patients are
symptomatic (54).

Serial assessment of RV systolic strain in adult PH patients
on advanced therapies has shown, that an improvement of
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>-5% of the absolute value in RV systolic strain at follow-
up correlated with improvement of clinical status, favorable
hemodynamics, and decrease in RV failure (68). In children
with PH, who started therapy with a prostacyclin analogon, a
similar trend and an improvement in RV strain measures was
observed. This suggests that RV strain may be an indicator
of RV function in this population (69). RV strain and TAPSE
were found to be worse in patients with PH who died
compared to the survivors over a course of a five-year follow
up duration period (70), whereas the RV strain appeared to
be superior in the distinction between survivors and non-
survivors (71,72).

Significant correlations of 3D strain parameters with RV
failure have also been reported in adults and in children with
PH (70,73). Further research of the value of deformation
indices particularly in the longitudinal follow-up of children
with PH and its prognostic values is warranted and needs
further clinical research.

RV diastolic function

Diastolic dysfunction and increase in RAPs have been
demonstrated to be associated with adverse outcome and
mortality (74).

The assessment of RV echocardiographic measures
is limited, as values vary with changing preload levels.
Additionally, tricuspid inflow velocities are altered in the
setting of severe tricuspid regurgitation.

For the evaluation of RV diastolic function, tricuspid
inflow velocities (E, A, E/A), and tissue Doppler imaging
at the lateral RV wall at the level of the tricuspid valvar
annulus level TDI at (E’, A, E’/A), deceleration time and
the isovolumic relaxation time (IVRT) can be measured
by PW Doppler echocardiography from an apical four-
chamber view.

The combination of tricuspid valvar inflow velocity
and lateral peak RV velocity, expressed as ratio E/E’ has
been described to be useful assessing potential RV diastolic
dysfunction (61). However, in children with cardiac shunt
lesions, no correlation of end-diastolic pressure (RVEDP)
and E/E’ could be found. This is likely due to the preload
dependency which may be variable in patients with left-to-
right shunting (72).

Reduced peak early diastolic velocities (E’) have been
reported in infants with PH (75) and in children with PH
of different etiologies compared to normal controls (31).
Invasive measurements of hemodynamic variables, like
mPAP and RVEDP have been shown to inversely correlate
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with peak tricuspid valve E’ velocity (75) in infants and also
in children after surgical correction of their congenital heart
disease (72).

As illustrated above, diastolic dysfunction directly
translates into a pathological load of the right atrium.
The function of the right atrium, measured with different
modalities is compromised and shows impairment with
worsening diastolic dysfunction of the RV (14,76,77). While
in children dilatation and compromise of the RA appear to
occur quite late in the course of longstanding PH compared
to adult patients with a similar degree of disease severity.
Moreover, atrial rhythm disturbances, e.g., atrial flutter
or fibrillation do occur more frequently in adults than in
children, which further lead to impairment of right (and
left) ventricular diastolic filling. In the setting of an elevated
RVEDP, appropriate contraction of the atria with atrial
systole is even more important for adequate ventricular
filling in diastole. Adults with PH and an atrial flutter or
fibrillation were shown to have an increased mortality if
a sinus rhythm cannot be restored (78). In children and
adolescents, atrial rhythm abnormalities occur much less
frequently than in adults and aging patients. However, RA
impairment is a serious clinical sign in children with PH,
that is associated with adverse outcome (76).

The left ventricle and ventvicular-ventricular interactions

VVD) in PH

A thorough morphological echocardiographic assessment
of the left-sided structures of the heart is part of the
anatomical sequential analysis and is of utmost importance
for the diagnosis of PH. Any morphological anomalies or
obstructions of the left heart have to be ruled out, which
may cause, or at least in part contribute to the elevation of
mPAP, such as pulmonary venous, mitral or aortic stenosis.

Although we describe echocardiographic variables and
measures for the right and left ventricle, right and left
ventricular function cannot be regarded in isolation. The
structure of the interventricular septum is shared by both
ventricles. Thus, both ventricles are mechanically connected
and physically coupled. Any hemodynamic changes, like
an increase of RV pressure due to an elevated PVR in PH
patients leads to a shift of the IVS towards the left ventricle.
With mildly elevated pressures, a flattening of the IVS can
be seen, particularly in end-systole. In patients with higher
PAPs the IVS bows into the left ventricle, leading to the
typical ‘D-shape’ of the LV in a parasternal short axis.

Left ventricular systolic function is often described by
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left ventricular ejection fraction (LV-EF) and fractional
shortening (LV-FS).

While the M-mode measurement and use of the
"Teichholz formula is based on the assumption of an ellipsoid
geometrical structure of the left ventricular cavity, this
measurement can be flawed. Particularly in conditions where
the geometrical structure of the left ventricle is altered, either
due to morphological changes due associated congenital heart
disease, previous surgery, abnormal wall motion (abnormal
conduction) or in PH with significant septal shift towards
the left ventricle, the geometrical shape of the left ventricular
cavity is changed (31,79-81). For quantitative measure of left
ventricular function, the modified Simpson formula can be
used, as described elsewhere. In children, a decreased LVEF
has been shown to be associated with an increased systolic
PAP and PVRI (82).

Patients with PH often have a RV conduction delay
or complete right bundle branch block. This leads to
dyssynchrony and abnormal motion of the IVS.

Although not being obvious on conventional measures
of left ventricular systolic function, such as LV-EF or LV-
FS, it has been shown, that TDI techniques, strain and
strain rate may reveal early LV impairment. Peak systolic
left ventricular wall velocities (S’) have been shown to be
reduced in children with PH (31,35,83).

Reduced septal longitudinal strain, strain and strain
rate reduction at the lateral free LV wall (84), has been
demonstrated in adults with PH. The reduction of LV
strain/strain rate has been reported to be most pronounced
within the IVS (33).

In contrast, children with severe PH, may show a
reduction of septal LV strain, whereas the longitudinal
strain of the LV free wall appears to be preserved (33). A
direct association between LV myocardial function, invasive
hemodynamics, and RV myocardial function has been
demonstrated (33).

In children, other echocardiographic variables, as
outlined above, that demonstrate ventricular-ventricular
interactions, e.g., LVEI and the RV/LV dimension ratio,
have been shown to be associated with a worse FC, worse

hemodynamics and higher N'T-pro BNP levels (82).

LV diastolic function

In PH a leftward septal shift and prolonged RV systole can
be noted, both of which are known to affect LV diastolic
function (29). LV diastolic function is usually assessed by
measuring the inflow pattern across the mitral valve into
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the left ventricle from an apical 4-chamber view. The first
wave (E) represents the early filling component of the
diastole of the left ventricle, followed by an -A wave, that is
usually smaller in amplitude, which represents the second
phase and the atrial contraction at the end of diastole (85).
This inflow pattern is usually reported as a ratio E/A. In
adults, a range of E/A ratio between 0.9 and 2 is thought
to be normal. A reduced LV E/A ratio of <0.9 suggests an
impaired relaxation of the LV, while an increased E/A ratio
that exceeds 2 indicates a reduced LV compliance (86).

The combination of the early diastolic inflow velocity
(E) and TDI derived measures at the lateral LV wall (E’),
expressed as E/E’ ratio has been shown to demonstrate
LV diastolic dysfunction in adult patients. An E/E’ ratio
of >14 has been shown to indicate an increase in left atrial
pressures (86).

However, identifying LV diastolic dysfunction is more
challenging in children, as normal values underlie changes
with heart rate and loading status. Given the changes of the
left ventricular diastolic dynamics that are described with
maturation, like an increase in left ventricular filling with
growth, that is predominantly achieved by an increase of
the early component of passive filling of the left ventricle;
this ratio cannot be easily applied to children. Mitral E wave
velocities increase during infancy (87-89), whereas atrial
phase filling (A wave) velocities are found to be lower over
time, with the decreasing heart rate in children. However,
it has been found, that the atrial contribution to diastole
remains relatively constant, as with reduction in A velocity,
an increase in filling time is noted (87).

This stresses the importance to used age-related
reference values for the judgement of an abnormal diastolic
flow pattern in children (88,89).

This explains, why in children, the E/E’ ratio for the
delineation of diastolic dysfunction has not been found to
be useful. But even after using adjusted variables, E/E’ ratio
has been found to be within normal limits in the majority of
children with underlying cardiomyopathy (90).

However, it has been shown, that children with PH
present with LV diastolic dysfunction that is most consistent
with an impaired relaxation and reduced myocardial
deformation. In addition to the described physiological
changes of LV inflow dynamics, there is considerable
interindividual heterogeneity, that even the absolute values of
LV measures of diastolic performance should be interpreted
with caution (88,91). The same applies to other potential
useful echocardiographic variables, e.g., TDI Doppler
measures, where published pediatric normative references
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should be used for the appropriate age groups (91).

Other echocardiographic parameters, that describe LV
diastolic function, were found to be reduced (mitral E
velocity and inflow duration, mitral E’ and E’/A’, septal E’
and A, and LV basal global early diastolic circumferential
strain rate), whereas mitral E deceleration time, LV
isovolumic relaxation time (IVRT), mitral E/E’, and
pulmonary vein A wave duration were increased. These
echocardiographic parameters correlated with invasively
determined levels of PH severity (30). The impact
and compromise of LV diastolic function is a result of
ventricular-ventricular interactions (30,34).

An indirect indicator of LV diastolic dysfunction is
the quantitative measure of LA size/volume. In adults,
LA dilatation is described to be in indicator for LV
dysfunction (86). Normal values are available for children.
In children with CHD, LA dilatation has been described
to be associated with unfavorable hemodynamics and
is prognostic for adverse outcome (92). LV diastolic
dysfunction has also been linked to the septal deviation
into the left ventricle with elevated RVPs/ PAPs and also
prolongation of RV systole (29).

In patients with biventricular circulations, another ratio
that has proven to be useful describing the quantitative
relation of RV and LV dimensions. The RV/LV ratio
is a simple echocardiographic 2D measure, obtained
from a PSAX view. Comparable to the LVEI it describes
the degree of septal deviation and relation of the RV as
compared to the LV. With worsening right ventricular
dilatation, an increased RV/LV ratio has been described
in individuals with PH (15,82). Even this easy obtainable
echocardiographic parameter has been shown to have
prognostic properties (93).

Presence of pericardial effusion (PE)

New occurrence of a moderate or large pericardial effusion
has been described to be a strong prognostic factor
associated with adverse outcome and mortality in adult PH
PAH patients (94). Although no solid data in children with
PH exist to date, development of a PE is considered a bad
clinical sign and is likely linked to adverse outcome.

3-dimensional-(3D) echocardiography

3D echocardiography could serve as a tool for a more distinct
assessment of the RV, given its complex morphological
tripartite structure.
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Although it has been successfully used in the assessment
of adults with PH for the determination of RV volumes and
ejection fraction with a good accuracy and reproducibility
as a study of 35 children with PH has shown, that measures
from 3D echocardiography (RV-EF, end-systolic and
diastolic volumes) correlated well with hemodynamic
variables and natriuretic peptides (73).

The ratio of RV stroke volume to end-systolic volume
(SV/ESV) has been shown to be an independent predictor
of outcome in adults with PH and serves as volume estimate
of RV—arterial coupling. SV/ESV has been shown to be
decreased in children with PH and correlates with other
echocardiographic variables, such as RV strain. In addition,
SV/ESV ratio is a strong predictor of adverse events in
children with PH (73).

Although reference values of RV volumes and ejection
fraction for different age groups in children exist (95,96)
and the potential use of measures obtained from 3D
echocardiography has been demonstrated (73,97).
3D-echocardiography has not found entry in the routine
clinical practice for the assessment of children with PH as yet.

Summary

By gross and large, echocardiography remains the hallmark
for the initial assessment and in the longitudinal follow-up
for patients with PH and is the imaging modality of choice.

For the initial assessment and diagnosis of PH, further
diagnostic imaging modalities, like CT and cardiac MRI are
recommended to rule out other causes or driving factors for
the PH. Particularly in older children, when no sedation
or anesthesia is required, MRI can be a useful adjunct,
providing additional information in patients with PH.

Particularly nowadays, working with time constraints
and high-volume patient turnover in outpatient clinics,
which often do not meet the requirements for these
complex patients, knowledge of the most important
echocardiographic variables is valuable and assist to perform
a focused but meaningful echocardiography.

By presenting these basic echocardiographic variables, we
aimed to provide some guidance and meet a compromise,
to keep the echocardiographic examination concise to
the point but still gaining sufficient information for the
clinician to appropriately judge the echocardiographic
status, capture any potential changes or disease progression.
Moreover, we introduce and discuss additional advanced
echocardiographic variables, which can be useful for
investigational research protocols or if a more thorough
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patients’ follow- up is desired.

Conclusions

Although numerous echocardiographic variables are
associated with adverse outcome and may predict prognosis
in children with PH, it is important to stress, that a patients’
status should not be judged by a sole echocardiographic
parameter alone. In patients in whom PAPs are not
amenable for an accurate estimation, indirect signs for
PH should be noted and documented. For the clinical
judgement and decision-making process, it is important
to look at the complete echocardiographic assessment, in
addition to the clinical status and other functional clinical
variables in a context.
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