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Abstract

Echocardiogram is the first-line and most used noninvasive imaging diagnostic modality and is
convenient and reliable in its assessment of ventricular function in pediatrics. Ventricular function is an
important physiological parameter representing myocardial performance in response to overall
hemodynamic status. Here, we introduce basic principles of conventional echocardiography and advanced
echocardiographic technology, including tissue Doppler imaging, 3-dimensional echocardiogram, and
speckled tracking echocardiography. Then, we overview clinical applications of these methods in
assessing ventricular function in pediatrics, including single ventricle after staged surgical palliation, right
ventricular dysfunction in pulmonary hypertension, and ventricular-ventricular interactions in various
heart disease. With multimodality approaches, the advantages and limitations of echocardiographic

assessment of ventricular function are discussed.
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1. Introduction

Echocardiographic assessment of ventricular function is an integral part of daily cardiology
practice as it reliably provides qualitative and quantitative measure of myocardial performance (systolic
and diastolic function) and overall hemodynamic status (stroke volume, preload, and afterload), and
serves as a predictor of clinical outcomes (disease progression, recovery, and prognosis). Because of its
convenience and reliability, echocardiogram remains the most widely used diagnostic modality in
pediatric cardiology. In addition, recent advances in assessment of tissue motion and deformation have
provided several exciting new capacities in interpreting ventricular function noninvasively. However,
they do have certain important limitations. Ventricular global performance is influenced by myocardial
contractility, preload, afterload, and heart rate. A load independent assessment of myocardial performance
or contractility is difficult to assess by any one parameter. Often, reporting of global ventricular

performance has to consider the underlying loading conditions.

In this review paper, we first overview basic principles of conventional echocardiography and
newly introduced advanced echocardiographic technologies. Then, we discuss how these modalities are
utilized in assessing ventricular function in certain unique problems commonly encountered in pediatric

cardiology, including single ventricle, pulmonary hypertension, and ventricular-ventricular interactions.

2. Conventional Approach in Assessing Ventricular Function

Conventional echocardiographic approaches include 2-dimensional echocardiography, M-mode,
pulsed Doppler, and color Doppler studies. Lopez et al. described standards of quantification of
ventricular function [1], and a recent publication by Frommelt et al. questioned the reliability in standard

2-DE methods of quantitation of ventricular function [2].

2-1 Left Ventricle

2-1-1 Systolic Function



Shortening fraction and ejection fraction are geometric parameters that characterize dimensional
or volumetric changes during the cardiac cycle [3]. Shortening fraction is the percentage change in left
ventricular (LV) dimension in M-mode at the level of the papillary muscles using the parasternal short-

axis views.

%SF = (LVEDD - LVESD)/LVEDD x 100

SF: shortening fraction, LVEDD: LV end-diastolic dimension, LVESD: LV end-systolic dimension

Normal LV function varies with age, and multiple Z-score methods have been described to define
normative values of SF ranging from a normal value of > 35% in neonates to > 28% in adolescents [4, 5]
M-mode cannot be used when ventricular septal geometry is not convex as in right ventricular (RV)

volume or pressure load or septal dyskinesis.

Ejection fraction is the percentage change in LV volume from end-diastole to end-systole.

%EF = (LVEDV - LVESV)/LVEDV x 100

EF: ejection fraction, LVEDV: LV end-diastolic volume, LVESV: LV end-systolic volume

The methods most commonly used are the modified Simpson’s method or disk summation method [1, 4]
and 5/6 area x length method [6]. In the Simpson’s method, the LV endocardial border is traced in two
orthogonal planes from the apical 4-chamber and apical 2-chamber views. A computer algorithm then
divides the traced area into 20 discs of equal height and sums the volume of each disc [7]. Like shortening
fraction, ejection fraction is dependent on preload, afterload, and LV geometry. Ejection fraction,

however, additionally takes regional dysfunction into account in assessing global function, whereas



shortening fraction measurements become unreliable when regional septal hypokinesia or dyskinesia is
present [8]. Normal LV function is suggested by ejection fraction greater than 55% in older children and
adults [4, 5]. The 5/6 area x length method uses the length from apical views and the cross-sectional area
from the parasternal short axis view at the level of the papillary muscle. Lee et al. demonstrated reliability
of the 5/6 area x length method in assessment of ventricular size and function in dilated ventricles with
aortic regurgitation [9]. This method has demonstrated reliability in assessment when LV geometry is

altered, as in tetralogy of Fallot [10].

Systolic-to-diastolic time duration ratio has been described by Friedberg in multiple applications
for LV, RV, and single ventricles [11]. As global performance deteriorates, it is at the expense of
shortening of diastole that leads to increase in systolic to diastolic time duration ratio. This ratio can be
derived from pulsed Doppler interrogation of atrio-ventricular valve regurgitation or from tissue Doppler

imaging (TDI).

In presence of mitral regurgitation, the rate of pressure rise in early systole (dP/dT max) in
continuous wave Doppler may be used to evaluate global LV contractility. Mitral regurgitation jet
velocity depends on the pressure gradient between the LV and left atrium (LA). As there is no significant
change in LA pressure during isovolumetric contraction, mitral regurgitation dP/dT reflects LV pressure
changes, a time duration between change of velocity from 1 to 3 m/s on the mitral regurgitation spectral.
The normal value of mitral regurgitation dP/dT is > 1,000-1,200 mmHg/s, and a value of <500 mmHg/s is

indicative of severe systolic dysfunction [12].

2-1-2 Myocardial Performance Index

Myocardial performance index (or Tei index) is a global measure of ventricular function which
combines both systolic and diastolic function. The MPI incorporates the intervals of both isovolumetric

contraction time and isovolumetric relaxation time, which correspond to periods of active chamber



contraction and early relaxation, respectively. The myocardial performance index can be calculated using

Doppler echocardiography measuring time intervals from mitral and aortic traces [13].
MPI = (ICT + IRT)/ET
MPI: myocardial performance index, ICT: isovolumetric contraction time,
IRT: isovolumetric relaxation time, ET: ejection time

There are variable changes with progressive myocardial systolic dysfunction where the sum of
isovolumetric contraction time and isovolumetric relaxation time progressively lengthens as ventricular
dysfunction evolves and ejection time is shortened. Diastolic dysfunction results in prolongation of
isovolumetric contraction time. Thus, with worsening LV dysfunction, (isovolumic contraction time +
isovolumetric contraction time )/ejection time increases disproportionately to any change in the individual
components of the index. Normal values for the LV and RV are 0.35 + 0.03 and 0.28 + 0.04, respectively
[8]. The myocardial performance index is independent of ventricular geometry but dependent on preload

and afterload; it does not specify systolic or diastolic dysfunction [8].

2-1-3 Diastolic function

Many factors influence ventricular diastolic filling, including ventricular systolic function,
atrioventricular valve function, rate of ventricular relaxation, the passive compliance or stiffness of the
atrial and ventricular muscle, atrial systolic function, the loading or volume conditions of the two
chambers, intrathoracic pressure changes with respiration, and the heart rate and rhythm [14, 15].
Diastolic function can be categorized as impaired relaxation and impaired compliance with or without
elevated left atrial (LA) pressure. Trans-mitral Doppler inflow patterns assess early filling (E wave) and
late filling (A wave) velocities [16]. They are measured in an apical four-chamber view and are used to
derive the ratio of these two velocities (E/A). Pulsed-wave Doppler patterns of pulmonary venous inflow

complements mitral valve inflow patterns and includes peak systolic (S wave) and diastolic (D wave)



velocities [17, 18]. The velocity and duration of atrial reversal (A wave) are seen in late diastole with
atrial contraction and may reflect elevated LV end-diastolic filling pressure [14, 19]. The pattern of
ventricular filling can also be visualized by M-mode assessment of early diastolic flow propagation
velocity from the atrioventricular valve to the apex using flow color Doppler [20]. As relaxation becomes
abnormal, the rate of early diastolic flow propagation into the ventricle slows, and this decrease can be
measured as the slope. The higher the slope, the faster the flow propagation and the more rapid the
ventricular relaxation [20, 21]. Previous studies have questioned if adult models of diastolic dysfunction
are applicable to children, and published normal data for children often present a wide range of normal

values [22-25].

The authors believe that septal E’ and lateral annular E’ velocities, increased deceleration time,
and IVRT can be used to assess impaired relaxation and presence of mid diastolic L’ wave, increased
velocity of atrio-systolic flow reversal on the pulmonary vein Doppler, and increased LA size as markers
for increased LA and LV end diastolic pressure or poor LV compliance. Sasaki et al. have shown that
children can have poor LV compliance and elevated LA pressures with restrictive cardiomyopathy, even
with normal E’ [26]. The authors use LA dilation and at least two other abnormalities to diagnose
diastolic dysfunction with elevated LA pressure or poor compliance. Ratios of E/E’ and other individual

indices can be used to trend diastolic function over time using the patient as their own control.

2-2 Right ventricle

Right ventricle is composed of an inflow tract, trabeculated apex, and outflow tract; it has a
trigonal pyramidal shape, whereas LV has a symmetric cone shape. Right ventricular contraction occurs
from the inflow tract to the apical trabecular zone; it then reaches the outflow tract [27] and is
predominantly longitudinal [28, 29]. However, the approach of RV free wall toward the septum, septal
contraction, regional RV free-wall deformation, RV free-wall regional function, and septal-to-RV free
wall synchrony all contribute to RV performance [30]. Conventional assessment of RV function is
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obtained through myocardial performance index, fractional area change, and tricuspid annular systolic
excursion. Other parameters include RV wall thickness, RV systolic pressure estimate, dP/dT of RV, right
atrial (RA) size, and RV diastolic filling [28]. Detailed discussion of RV function is also discussed in 4-2

“Pulmonary Hypertension and RV Dysfunction”.

2-2-1 Myocardial Performance Index

The myocardial performance index can be measured with tricuspid valve inflow, which indicates
both systolic and diastolic function of the ventricles independent of ventricular geometry or loading status
[31, 32]. Abnormally elevated RV myocardial performance index was noted after Senning operation for
d-transposition of the great arteries [31] and unrepaired congenital corrected TGA [32] when compared
with control children. The normal value range is from 0.15 to 0.40 in healthy adults, and > 0.5 suggests

RV functional impairment [1].

2-2-2  Fractional Area Change

The fractional area change gives an estimate of global RV systolic function. Right ventricular

long axis area is measured by tracing the endocardial border by planimetry and is defined as:
%FAC = (RVEDA — RVESA)/RVEDA x 100%
FAC: fractional area change, RVEDA: RV end diastolic area, RVESA: RV end systolic area

An RV fractional area change < 35% indicates RV systolic dysfunction [4]. However, unlikely LV,

fractional area change has a limited value because of the complex geometry of RV.

2-2-3  Tricuspid annular plane systolic excursion



The tricuspid annular plane systolic excursion is calculated by measuring the excursion of the
tricuspid valve annulus by M-mode rendering at the free-wall side in the four-chamber view [33]. It is a
measure of longitudinal RV function, as longitudinal shortening is an important fiber orientation in the
RV wall [8] and has shown good correlations with parameters estimating RV global systolic function [4].
A tricuspid annular plane systolic excursion calculation of < 17mm is highly suggestive of RV systolic
dysfunction in adults [4]. In 405 asymptomatic Spanish children ranging from newborn to 18 years of
age, the reference value of tricuspid annular plane systolic excursion was reported from 10.56 + 3.96 mm

in newborns to 20.95 + 6.54 mm in the 13 to 18 year-old group [34].

3. Advanced Echocardiographic Technology
3.1 Three-dimensional echocardiography

Three-dimensional assessment of ventricular volumes and function is a reliable and reproducible
technology that is increasingly being used to plan and guide patient management [35-38]. Suitable spatial
and temporal resolution in 3-dimensional echocardiography is a priority for imaging of congenital heart
disease, particularly valve pathology and complex lesions [39]. The matrix transducer has different
modalities of data acquisition whose use is dictated by the clinical question [40]. The ability to assess
cardiac function depends on the detection of the endocardial and/or epicardial border. Three-dimensional
echocardiography tracking algorithms for calculating volumes represent a wide spectrum ranging from
fully automated to manually based algorithms [41].

The capability of 3-dimensional echocardiography to capture the entire LV volume offers the
opportunity to assess global and regional LV function. Ventricular dyssynchrony is expressed as the time
taken to reach minimum regional volume for each segment as a percentage of the cardiac cycle. It is the
standard deviation of the time taken for segments to reach their minimum systolic volume, indexed to the
cardiac cycle length, known as the systolic dyssynchrony index [42]. Higher systolic dyssynchrony index

denotes increasing intraventricular dyssynchrony [42]. Current software packages define abnormal wall
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motion with respect to the central LV axis, which has limitations for some congenital heart disease

patients with an LV of unusual shape [39].

3.2 Tissue Doppler Imaging

Tissue Doppler imaging involves pulsed wave Doppler interrogation of myocardial motion rather
than blood flow [1]. Primary measurements include the systolic, early diastolic, and late diastolic
velocities [43]. The sample volume is placed within the myocardial tissue immediately adjacent to the
septal and lateral hinge points of the mitral valve, and velocities are measured [7]. Once mitral inflow,
annular velocities, and time intervals are acquired, it is possible to compute additional time intervals and
ratios that quantify ventricular diastolic function and prediction of LV filling pressures [18]. In addition to
its dependency on age, heart rate, geometry and loading conditions, its main drawbacks are the limitations
of pulsed wave Doppler including angle dependency and the inability to differentiate the velocity
generated by actual myocardial contraction and the velocity produced by translational motion by akinetic

myocardial segments when they get pulled by the adjacent normally contracting myocardium [5, 8].

33 Strain and Strain Rate

Traditional methods of ventricular function assessment are based on endocardial excursion and
thickening of myocardium [4]. These methods do not account for passive motion and tethering of
segments. Strain and strain rate are mechanical engineering principles, initially studied in isolated heart
muscle and intact animal hearts, introduced the principles of stress, stain, and stiffness [44]. Noninvasive
strain imaging in humans was first performed using magnetic resonance imaging with magnetic resonance
tagging sequences [45, 46]. Strain (¢) is defined as the change of length of an object or deformation of the
object normalized to its original length: € = (L-L)/Lo, where L is the final length and L, is the initial

length of the object being measured; strain rate is the rate of change of strain and is measured in second™
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[47]. Strain and strain rate obtained from apical views are represented by negative values (%) as
myocardium shortens in this longitudinal dimension. Other views that can be used to obtain strain are the
parasternal short axis at the papillary muscle level, where two strain values can be obtained:
circumferential strain (shortening during systole with a negative value) and radial strain (myocardial wall-

thickening with a positive value) [48].

There are two main methods of measuring strain and strain rate: tissue Doppler imaging and
speckle tracking echocardiography. The tissue Doppler imaging method requires high frame rates (usually
above 100 frames per second) and, because it is Doppler based, is angle-dependent and can obtain the
strain rate in only one direction that is parallel to ultrasound beam [49]. The other disadvantage is that this
method cannot distinguish between active myocardial motion and passive motion that results from
tethering of diseased myocardium to surrounding normally functioning myocardium [50]. On the other
hand, speckle tracking echocardiography is not angle-dependent and allows calculation of strain and
strain rate in longitudinal, circumferential, and radial directions. It also requires high frame rates but less
than what is required in tissue Doppler imaging. Normal values for tissue-Doppler [51, 52] and speckle
tracking echocardiography-derived strain [53-55] have been established for adults and children. The
superiority of strain and strain rate imaging to conventional echocardiographic measures of ventricular
function has been shown in multiple studies. In children following orthotopic heart transplantation,
speckle tracking echocardiography-derived LV strain was abnormal in acute rejection even in the absence
of other changes in functional parammeters like shortening fraction, tissue Doppler imaging, or
myocardial performance index [56]. In pediatric patients with acute leukemia, strain values were acutely
reduced shortly after administration of anthracyclines, which correlated with the cumulative anthracycline
dose used [57]. Despite normal ejection fraction or shortening fraction, global longitudinal and
circumferential strains were abnormal in patients with Duchenne muscular dystrophy compared with
controls, suggesting that strain can detect early myocardial dysfunction [58]. In addition, speckle tracking

echocardiography-derived strain has been studied in pediatric patients following cardiac surgery;
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significant changes in longitudinal and circumferential strain in the immediate post-operative period
correlated well with duration of aortic cross-clamp time despite no significant change in shortening

fraction or ejection fraction [59].

34 Left Ventricular Torsion and Rotation

Echocardiographic assessment of LV torsion is a novel methodology for assessment of LV
function. In systole, the LV apex rotates counterclockwise when viewed from the apex, while the base
rotates clockwise. This creates a torsional deformation from the dynamic interaction of the oppositely
wound epicardial and endocardial myocardial fiber helices. This systolic twisting and early diastolic
untwisting creates a wringing motion, which is then measured using LV torsion imaging with speckle

tracking or tissue Doppler imaging [60, 61].

The LV rotation and LV rotation velocity are defined as angular displacement and velocity,
respectively, of the LV about its central axis in the short-axis image. They are measured in degrees (°) and

ofs

degrees/sec (), respectively. Counterclockwise LV rotation as viewed from the apex is expressed as a
positive value. The LV torsionand LV torsion velocity are then reported as the net difference between
apical and basal short-axis planes [61]. Absolute values of LV torsion increase with age. Left ventricular
torsion imaging, while not a part of routine assessment of ventricular function in children, has been used

in several different pathological conditions, including dilated cardiomyopathy [62], aortic stenosis [63],

and anthracycline cardiotoxicity [64].

Clinical applications of these modalities, conventional and advanced, are summarized in Table 1

(systolic function) and Table 2 (diastolic function).

4 Assessing Ventricular Function in Special Conditions in Pediatrics

4-1 Single Ventricle after Fontan Operation
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4-1-1 Surgical Palliation of Single Ventricle

Pediatric patients with single ventricular anatomy commonly undergo staged surgical palliation
with completion of Fontan operation [65]. Upon Fontan completion, the entire pulmonary blood flow is
supplied directly by systemic venous return while a single ventricle generates systemic cardiac output
with nearly normal arterial oxygenation saturation. As the result, central venous pressure increases with
non-pulsatile pulmonary blood flow. Fontan circulation is not only a single ventricular circulation but one
of inherently and simultaneously decreased ventricular preload and increased afterload [66]. Peak

exercise capacity is generally decreased (approximately 60% of normal) in Fontan patients [67].

4-1-2 Hemodynamic Abnormalities after Fontan Completion

Although the development of the staged surgical palliation has improved life expectancy, patients
with single ventricle are still at risk for progressive heart failure and death [68], especially those with
single RV as RV is morphologically not capable of dealing with chronic exposure to the high afterload of
the systemic circulation [69]. Although ventricular systolic function was overall preserved in most of
pediatric patients after Fontan operation [70], many of these patients with functional single RV due to
hypoplastic left heart syndrome develop ventricular mechanical dyssynchrony, likely contributing to their
RV dysfunction [71]. Rosner et al. reported that a classic-pattern of dyssynchrony was noted in 15% of
100 Fontan patients; it was commonly associated with more dilated ventricles with reduced systolic and
diastolic function [72]. Increased aortic stiffness and afterload due to aortic arch reconstruction also

affects ventricular performance [73].

4-1-3 Echocardiographic Assessment of Single Ventricular Function

Commonly used methods include annular plane displacement, systolic-to-diastolic time duration
ratio, peak systolic annular velocity (S’), and longitudinal and circumferential strain measurements in
single RV and traditional methods of LV function assessment in single LV.
a) Systolic function
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Echocardiography, when used correctly, can be a great tool for systolic and diastolic function
assessment. However, the unique anatomy of single ventricles can sometimes pose challenges with
echocardiographic assessments by standard measurements and protocols of ventricular function.
Echocardiography can provide essential information together with other imaging modalities for accurate
assessment [74].

Ventricular systolic function of single ventricle is an important parameter to address myocardial
healthiness that is influenced by baseline myocardial mechanics, ventricular geometry, secondary
myocardial fibrosis, and loading condition. Ventricular function has been shown to be decreased when
compared with normal control patients in both single RV and single LV [75]. Single LV showed
diminished ejection fraction by biplane Simpson’s method and reduced basal circumferential deformation
and basal rotation with preserved global longitudinal deformation when compared with control LV [76].
Significant differences in strain analysis were noted between single LV and normal biventricular LV due
to spherical ventricular geometry [77]. Three-dimensional speckle tracking echocardiography of single
LV demonstrated increased mechanical dyssynchrony and myocardial deformation that correlated well
with LV ejection fraction and myocardial performance index [78, 79].

A standardized protocol to assess quantitative RV function by 2-dimensional echocardiography
with ideal inter-observer reliability is lacking because of its unique geometry [40]. Compared with normal
control RV, single RV after Fontan revealed decreased strain, strain rate, and longitudinal displacement
and increased dyssynchrony [80]. Higher incidence of both systolic and diastolic dysfunction was found
in single RV when compared with single LV [81], which is associated with worse clinical outcome in
single RV after Fontan completion [82]. In 41 patients with HLHS after Fontan operation, systolic
function represented by fractional area change showed an excellent correlation with myocardial
performance index, RV global longitudinal strain, and tissue annular displacement of the tricuspid valve
[83]. When comparing normal controls with single RV physiology, Hershenson et al. demonstrated RV

free wall peak systolic annular velocity (s) to be lower [75]. In patients with hypoplastic left heart
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syndrome, global longitudinal strain rate derived by STE correlated with intrinsic measures of myocardial
contractility during cardiac catheterization-obtained conductance catheter techniques [84].

Systolic function by measurement of torsion has be noted to be similar when compared with
controls. In a study by Grattan, the overall torsion of those patients with single ventricles was comparable
to their control patients [85] This study demonstrated a decrease or reverse in basal torsion with a
compensatory apical torsion. Utilizing 3-dimensional echocardiography has also been studied in the
single-ventricle population. In single RV anatomy, the use of 2-dimensional echocardiography to qualify
function of the RV is difficult and not always reliable. Sato et al. demonstrated the usefulness of 3-
dimensional speckle tracking echocardiography in hypoplastic left heart syndrome after the Fontan,

showing a positive relationship between global principal strain and 3-dimensional ejection fraction [86].

b) Diastolic function

Diastolic function is altered in patients with single ventricles after the Fontan procedure, although
the mechanisms of diastolic dysfunction are not entirely clear [70]. Serial Doppler diastolic filling
assessment of the patients with single ventricle showed an inherent but diastolic dysfunction after Fontan
completion [87]. There are few studies showing true correlation between diastolic function on
echocardiographic assessment and measured ventricular filling pressure by cardiac catheterization in
patients with single ventricle. Functional single ventricular anatomy is at risk for elevated end diastolic
pressure in both the second- and third-stage palliation surgeries. This increase in end diastolic pressure
mitigates passive flow through the pulmonary arteries, which is needed for this type of circulation.
Cardiac catheterization remains the standard for presurgical assessment of this, although echocardiogram
can also be used. When comparing cardiac catheterization findings with echocardiography, a study by
Menon et al. found tissue Doppler imaging and pulmonary vein Doppler to be correlative to cardiac
catheterization [88]. Their study examined patients prior to the second and third stages of surgical

palliation and found the end diastolic pressure obtained on the cardiac catheterization had a positive
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correlation with E’, pulmonary atrial reversal duration, and E/E’ ratio obtained by pulsed Doppler. In
contrast, a recent study by Goudar et al. reported no statistically significant correlation between the
echocardiographic parameters including pulmonary vein a-wave duration, tissue Doppler velocities (E,
E’, and S’), and E/E’, and end diastolic pressure obtained at cardiac catheterization [89]. Margossian et al.
demonstrated a high incidence of diastolic dysfunction in patients with single ventricle by
echocardiogram but without significant correlation with clinical outcomes (i.e., exercise capacity),
suggesting that the methodology developed for echocardiographic assessment of diastolic function in

adults with biventricular hearts may not be applicable to pediatric single-ventricle patients [90].

C) Other factors affecting ventricular function in Fontan circulation

Surgical palliation for hypoplastic left heart syndrome commonly requires complex arch
reconstruction at the first palliation (Norwood), which increases arterial elastance or afterload, resulting in
ventricular dysfunction in single RV after Fontan operation compared with single LV [91]. Even without
arch reconstruction, Fontan circulation is associated with increased ventricular afterload due to increased
ventricle-arterial coupling, resulting in decrease in cardiac output [92]. In addition, Fontan physiology
was shown to have deleterious effects on cardiac reserve in response to increased heart rate or 3-
adrenergic stimulation [92]. The atrium of single ventricle appear to represent early ventricular diastolic
dysfunction by atrial dilatation, decreased atrial compliance, decreased early diastolic emptying, and
increased reliance on active atrial contraction for ventricular filling [93]. An inverse relationship between
ventricular sphericity and global circumferential strain of the single ventricle was observed in Fontan
patients, suggesting its limited compensatory mechanisms for increased afterload due to altered geometry

and fiber orientation [94].

4-2 Pulmonary Hypertension and RV Dysfunction
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Pulmonary hypertension is a hemodynamic and pathophysiologic condition defined as an increase
in mean pulmonary artery pressure of >25 mmHg at rest as assessed by right-heart catheterization. In
patients with pulmonary hypertension, assessment of RV function plays a very important role in
prognostication and assessment of response to therapy [95]. Due to ease of access and cost,
echocardiography remains the most vital tool for assessment of RV function. It provides a comprehensive
assessment of RV structure, morphology, loading conditions, pulmonary vascular hemodynamics, and RV

performance [96, 97].

Echocardiographic assessment of pulmonary hypertension consists of 1) hemodynamic
assessment of RV afterload, 2) global and regional functional assessment of RV, and 3) volumetric

assessment of RV [96, 98].

4-2-1 Assessment of Increased RV Afterload

Chronic pulmonary hypertension leads to an increased afterload on the RV. This results in the
echocardiographic findings of RV hypertrophy, increased interventricular septal thickness, reduced global
RYV systolic function, and enlarged right-side chambers. Systolic and diastolic RV pressure can be
estimated by pulsed/ continuous wave Doppler assessment of tricuspid regurgitation and pulmonary
regurgitation, respectively. Pulmonary hypertension induces a unique RV remodeling pattern different
from other chronic RV pressure overload models (valvar pulmonary stenosis and systemic RV) with
poorer global function, probably mediated by higher degree of interventricular dyssynchrony [99].
Furthermore, the abnormal pressure gradient between the LV and RV results in a flattened position of the
interventricular septum that persists throughout the cardiac cycle [95]. End systolic septal flattening and
eccentricity index >1 is suggestive of worsening pulmonary hypertension. The eccentricity index is
measured in the parasaternal short axis at the level of the papillary muscles. Significant systolic septal

bowing of the interventricular septum onto the LV results in decreased LV stroke volume and cardiac
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output [100]. Elevated RV afterload is also qualitatively assessed by the morphological changes of RV,

shape of interventricular septum, and dilatation of RA and RV.

4-2-2  Assessment of Myocardial Performance and RV function

Right ventricle dysfunction is a well-established prognostic marker of pulmonary hypertension
[101]. Of the commonly used indices previously described, RV myocardial performance index, RV
fractional area change, tricuspid annular plane systolic excursion and S’ velocity obtained by TDI remain
the primary tools for assessment of RV function in children with PH [30, 33, 102]. The RV fractional area
change may be difficult to measure as it measures the area change of the inflow and the trabeculated
portions of the RV and does not include the outflow portion, which is in a different echocardiographic
plane. Tricuspid annular plane systolic excursion and S’ represent long-axial contraction from the apex
toward the tricuspid annuls and are susceptible to changes due to volume loading. In patients with
pulmonary hypertension, they may be affected by the severity of tricuspid regurgitation [103]. On the
other hand, RV myocardial performance index is not influenced by the morphological features as it is
measured from blood flow waveforms at the inflow and outflow tracts [104] and is a useful predictor of
outcome in patients with pulmonary hypertension [105]. Measurement of the S’, a maximum velocity of
tricuspid valve excursion at the free-wall side using tissue Doppler imaging, is also useful in assessment
of RV function in children with pulmonary hypertension. The normal range of S’ is 10-19 cm/sec; S’ <

11 cm/sec is thought to reflect impaired right cardiac function [102].

The measurement of RV longitudinal strain by 2-dimensional-speckle tracking echocardiography
is useful for estimating global and regional systolic RV function in children with PH. The angle-
independent nature of this measurement and the ability to assess multiple segments of the RV may make
it better than some of the more conventional indices of RV function [106]. For RV strain, a 6-segment RV
model is typically described (basal RV free wall, mid RV free wall, apical RV wall, apical septum, mid-
septum, and basal septum). The ventricular septum is shared between the two ventricles and reflects both
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RV and LV contractility, thus making the septal RV longitudinal strain values difficult to interpret [107].
Jone et al. demonstrated 3-dimensional RV ejection fraction is an outcome predictor whereas RV strain is
a more sensitive indicator of function and direct measure of myocardial performance [108]. In adult
patients with idiopathic pulmonary hypertension, Filusch et al. found significant correlation between TDI
strain and strain rate of RV and different parameters of functional assessment including 6-minute walk
distance, N-terminal pro B-type natriuretic peptide (NT-ProBNP), and right heart catheterization values
[109]. Speckle tracking echocardiography-derived assessment of RV dyssynchrony, which detects
regional differences between apical, mid, and base segments, provided excellent prediction of aerobic

exercise capacity in adults with idiopathic pulmonary hypertension [110].

Assessment of RV diastolic function is carried out by pulsed Doppler of the tricuspid inflow,
tissue Doppler of the lateral tricuspid annulus, pulsed Doppler of the hepatic vein, and measurements of
RA and inferior vena cava sizes and their collapsibility. The E/A ratio, the E/e’ ratio, and size of RA and
RV can be used to give an idea of RV diastolic function [100]. Midterm RV and RA reverse remodeling,
reduction in size of RA and RV, plays an important role in disease progression and prognosis for
pulmonary hypertension patients; more than 15% decrease of RA area and RV end-systolic area with
treatment predicted better hemodynamic parameters and survival [111]. The RA has a simpler chamber
geometry and structure, and its functional analysis by strain and SR may afford an indirect but easier
measure of RV function in pulmonary hypertension. Poorer RA function indicated by strain and strain

rate analysis was associated with a worse outcome in patients with pulmonary hypertension [112].

4-2-3 RV Volume

Dilation of the RV is an early maladaptive change to increase in pulmonary hypertension [113].
Two-dimensional echocardiographic methods of analyzing RV performance employ geometric models
that do not represent the irregular RV shape accurately. Real-time 3-dimensional echocardiography
allows reliable measurement of RV end-diastolic volume and ejection fraction, regardless of its shape.
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Right ventricle volumes calculated from real time 3-dimensional echocardiography showed significantly
better agreement and lower intraobserver and interobserver variability than those calculated from 2-
dimensional echocardiography with accuracy comparable to cardiac magnetic resonance imaging [108,
114]. Right ventricle quantification using single-beat 3-dimensional RV ejection fraction was shown to be
a superior method in estimating RV function as it correlated better with serum brain natriuretic peptide
(BNP) level and hemodynamic parameters obtained by cardiac catheterization when compared with 2-
dimensional echocardiographic parameters including fractional area change, tricuspid annular plane

systolic excursion, and RV myocardial performance imaging [115].

4-2-4 RV Interaction with Other Cardiac Chambers in Pulmonary Hypertension

Dilated and hypertensive RV in advanced pulmonary hypertension is commonly related to
underfilling and dysfunction of compressed LV [116]. Dysfunctional RV not only fails to supply adequate
LV preload but also impedes LV filling through direct compression [117]. Motoji et al. demonstrated that
RV systolic function determined by RV free-wall strain correlated well with LV filling estimated by early
diastolic transmitral velocity (E’) and that both RV systolic dysfunction and LV under-filling were
associated with poor prognosis [118]. The impact of RV pressure overload on LV systolic function in
pulmonary hypertension patients was studied with LV strain by speckle tracking echocardiography, which
showed impaired LV contractility despite preserved LV ejection fraction, suggesting subclinical LV
dysfunction possibly as an effect of ventricular interdependence (see 4-3 Ventricular-Ventricular
Interaction). Global LV longitudinal strain was associated independently with RV function assessed by

fractional area change and tricuspid annular plane systolic excursion [119].

4-3 Ventricular-Ventricular Interaction
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Ventricular-ventricular interaction is the effect of one ventricular function and morphology on the
other ventricle. It has been known that acute changes in right ventricular pressure affect left ventricular
function [120], in which both direct interactions and interaction in series play a role. The direct
interactions are related to shared ventricular septum, the pericardium, and shared myocardial fibers
between the two ventricles as well as mechanical asynchrony [121]. The series interaction is related
mainly to effect of RV output on the LV preload [122]. One effect of RV pressure and/or volume
overload is the ventricular septal shift and D-shaped ventricular septal contour, which can be quantified
by echocardiogram with the eccentricity index, a ratio of lateral to antero-posterior LV dimensions. The
ratio of RV to LV dimensions in short axis view > 1 at end systole has been associated with adverse

clinical outcomes in children with PH [123].

Comparing echocardiographic LV deformation with cardiac MRI and exercise data, Cheung et al
showed that LV deformation is impaired in patients with TOF when compared with controls and that
circumferential deformation of the LV is inversely correlated with RV end systolic volume and positively
correlated with exercise capacity [124]. In severely pressure-loaded RV, there is prolongation of RV
systole and shortened diastolic filling, which have direct effects (septal shift and impaired LV filling)
[116] and indirect effects (decreased RV output and decreased LV filling and preload) [125]. This even
affects LV diastolic function indices like reversed ratio of mitral early diastolic, E, to atrial contraction, A,
velocities [116, 117]. In patients with repaired tetralogy of Fallot, LV end diastolic and end systolic
dimension Z scores correlated inversely with presence of pulmonary valve regurgitation and reached
scores of the normal population after pulmonary valve replacement [126]. There is also decreased LV
longitudinal and circumferential strain when compared with the normal population [127]. Adult patients
with repaired tetralogy of Fallot not only have reduced RV free-wall longitudinal strain, but also reduced
LV free-wall longitudinal strain, radial and circumferential strain, and RV-indexed volume by cardiac
magnetic resonance correlated with abnormal basal rotation of the LV [128]. Ventricular dyssynchrony

may play a role in ventricular-ventricular interaction as shown in a study of adult patients with repaired
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tetralogy of Fallot in which increased peak-to-peak systolic time delays as measured by strain imaging

correlated with LV ejection fraction, QRS duration, and risk of arrhythmias [129].

5 Conclusion

Echocardiography is the first-line imaging modality of choice used for morphological assessment
of cardiac anatomy by real-time imaging in pediatric cardiology. It also provides functional assessment of
hemodynamic status, ventricular myocardial performance, and clinical outcome through systolic and
diastolic indices and hemodynamic parameters. Emerging new echocardiographic technologies, including
3-dimensional echocardiography, tissue Doppler imaging, speckle tracking echocardiography, and others
have now become incorporated into routine examinations focused on assessment of ventricular
performance. Advanced imaging modalities such as magnetic resonance imaging and computed
tomography are often used in conjunction with echocardiography to enhance accuracy of diagnosis. It is
imperative for pediatric cardiologists to become familiar with methodology, clinical applications, and
potential limitations of these advanced echocardiographic modalities. To make a final conclusion for
ventricular function in variable situations by echocardiography, it is essential to apply these

multidisciplinary methods in synergy, including subjective systolic and diastolic assessment.
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Table 1 Echocardiographic Assessment of Systolic Function
Strain
Annular
sF | 20EF | 22| MPI |S'|  Plane Clilzal S0
Exclrsion Iopgltudlnal a_nd
Circumferential
Bi-plane
LV (Preserved | M- | Simpson May
Y be [Y Y
geometry) mode | 5/6 Area
used
Length
LV (Altered
geometry: May
Septal Fac | Y0A™ 1y | he' |y Y Y
. Length
position not used
convex)
RV FAC Y Y |Y Y Y Y
Single RV Y Y Y
. 5/6 Area
Single LV Length Y Y Y Y Y

SF: shortening fraction, 2D-EF: 2-dimensional ejection fraction, 3D EF: 3-dimensional ejection
fraction, MPI: myocardial performance index, S/D ratio: systolic-to-diastolic time duration ratio,
LV: left ventricle, Y: yes, FAC: fractional area change, RV: right ventricle.
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Table 2 Echocardiographic Assessment of Diastolic Function
Pulm vein A-rev
o TDI
MV E/A MIVASSWave duration and ITA RA size
= velocity reversal S1z€
y E,’ L,’ A’

LV Y Y Y Y
RV Y Y Y Y Y
SV Y Y

MV: mitral valve, DT: deceleration time, Pulm vein A-rev duration: pulmonary vein A-wave
reversal duration, LA: left atrium, TDI: tissue Doppler imaging, RA: right atrium, LV: left

ventricle, Y: yes, RV: right ventricle, SV single ventricle
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Highlights
e Assessment of ventricular function is an integral part of cardiology practice
e Advanced echocardiographic technology provides significant physiological data
e Speckle tracking echocardiography is a promising new diagnostic modality

e Multimodality approach is warranted for complex cardiac problems in children
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